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CHAPTER 1
INTRODUCTION
INDIRECT TRNA AMINOACYLATION OF ASN-TRNAASN AND GLN-TRNAGLN

1.1 Introduction
Synthesis of proteins is a multi-step process that involves a cascade of
reactions catalyzed by many enzymes. The first step is conversion of the genetic
information stored in DNA into mRNA by RNA polymerase. This process is called
transcription. Then, the mRNA is decoded systematically by the ribosome into
the amino acid sequence of a protein. This process is called translation. The
resultant peptide is subjected to folding and post-translational modifications to
produce a functional protein. Decoding of mRNA into proteins requires an
adapter molecule to bring the cognate amino acid, specified by the mRNA codon
sequence, into the A site of the ribosome. Transfer RNAs act as these adaptors
by carrying their cognate amino acids into the ribosome in the form of aminoacyltRNAs (aa-tRNAs). Transfer RNAs are aminoacylated by the aminoacyl-tRNA
synthetases (aaRSs). These enzymes carefully select their specific cognate
amino acid and tRNA isoacceptor(s) from a pool of metabolites with similar
structures to accurately produce each aa-tRNA. These aa-tRNAs are loaded onto
the ribosome by elongation factors for protein synthesis (Figure 1.1) (1,2).
In this chapter, an overview of protein synthesis, classification of the
aaRSs, and the direct and indirect aminoacylation pathways for the synthesis of
Asn-tRNAAsn and Gln-tRNAGln will be discussed. Finally, a summary of the
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dissertation research and its significance to the understanding of novel
mechanisms that establish translational fidelity in the human pathogenic
bacterium Helicobacter pylori (H. pylori) will be presented. H. pylori is the first
bacterium reported to be missing the genes encoding both glutaminyl-tRNA
synthetase (GlnRS) and asparaginyl-tRNA synthetase (AsnRS). This bacterium
relies on an essential indirect pathway for the synthesis of both Asn-tRNAAsn and
Gln-tRNAGln (3-5). Given the diversity of deleterious human diseases caused by
H. pylori and other members of the ε-proteobacteria, understanding novel
mechanisms of protein biosynthesis will be beneficial to expand our knowledge of
species differentiation and to design clade-specific antibacterial therapies.

Figure 1.1: General schematic of the protein biosynthesis machinery. Each
aaRSs selects its cognate tRNA and amino acid and catalyzes the formation of
an aminoacyl-ester bond to produce a cognate aa-tRNA. This aa-tRNA is
delivered to the ribosome in a complex with a translation factor (typically
elongation factor Tu (EF-Tu), in bacteria), which prevents hydrolysis of the labile
aminoacyl-ester bond. The amino acid is transferred to the nascent polypeptide
chain within the ribosome.
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1.2 Classification of aaRSs
The aaRSs are divided into two classes: class I and class II (Table 1.1)
(6). Lysyl-tRNA synthetase (LysRS) is the one exception: examples of both class
I and class II LysRS are known (6).) The two classes are divided based on the
topology of their active sites (7-9). The active sites of class I aaRSs are defined
by a nucleotide-binding Rossman fold and contain two signature sequences,
KMSKS and HIGH (8). In contrast, the active sites of class II aaRSs are
designated by a rigid, seven-stranded, anti-parallel β-fold and contain 3
distinctive signature motifs (motifs 1, 2 and 3) (8).
The structural differences between the two classes define the modes of
tRNA and ATP-binding. The class I aaRSs bind ATP in an extended
conformation and approach the 3’ end of the tRNA from the minor groove while
class II aaRSs bind ATP in a bent conformation and approach the 3’ end of the
tRNA from the major groove (1).
These structural differences further divide the two classes with respect to
their mechanisms of amino acid activation. The first highly resolved crystal
structure of Bacillus stearothermophilus tyrosyl tRNA synthetase (TyrRS)
provided insight into amino acid activation, tRNA recognition, and aminoacylation
by a class I aaRS (10). The primary esterification of the activated amino acid can
occur at either the 2’ or 3’ hydroxyl group of the 3’ terminal adenosine in the
tRNA (Figure 1.2). Class I aaRSs primarily aminoacylate the 2’ hydroxyl group of
tRNA, and the amino acid is then transferred to the 3’ end of the tRNA prior to
entering the ribosome. In contrast, class II aaRSs aminoacylate the 3’ hydroxyl
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group of the tRNA. Therefore, the two classes of aaRSs can be broadly
segregated structurally, based on the presence or absence of a Rossman fold,
and functionally, based on the primary site of tRNA aminoacylation (8). Typically,
class I aaRSs are functional in their monomeric form and class II aaRSs are
dimers or multimers (6).

Table 1.1: Classification of the aaRSs (7-9). The aaRSs are divided into two
classes, class I and II, based on the topologies of their active sites. In contrast to
other aaRSs, LysRS falls into both classes. Most organisms utilize class II
LysRS, however class I LysRS is found in some archaea and bacteria (6).

Class I

Class II

ArgRS

AlaRS

CysRS

AsnRS

GlnRS

AspRS

GluRS

GlyRS

lleRS

HisRS

LeuRS

LysRS (II)

LysRS (I)

PheRS

MetRS

ProRS

TrpRS

SerRS

TyrRS

ThrRS

VaIRS
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1.3 Direct pathway for tRNA aminoacylation and protein biosynthesis
The primary amino acid sequence of a protein is determined by the codon
sequence of its mRNA and accurate pairing of each codon with the anticodon of
the corresponding aa-tRNA (Figure 1.1). The fidelity of protein synthesis is
determined at two critical checkpoints: tRNA aminoacylation and codonanticodon interactions. The majority of aa-tRNAs are produced by direct
aminoacylation of each tRNA with its cognate amino acid via a two-step reaction
catalyzed by the corresponding aaRS. The first step involves the activation of the
amino acid with ATP to form an aminoacyl adenylate (aa-AMP) intermediate.
Then, either the 2’ or 3’ hydroxyl group on the 3’ adenosine in the tRNA
nucleophilically attacks the aa-AMP to form the cognate aa-tRNA ester linkage
(Figure 1.2). In bacteria, this ester linkage is protected from hydrolysis by EFTu:GTP, which forms a complex with each cognate aa-tRNA and delivers them to
the ribosome for protein synthesis (1,2,11).

Figure 1.2: Mechanism of aminoacylation. The first step of aminoacylation is
the activation of the cognate amino acid as a high-energy aminoacyl-AMP
intermediate. Then, the 2’ or 3’ OH group of the 3’-adenosine in the tRNA
nucleophilically attacks this aa-AMP, displacing AMP, to generate the final aatRNA.
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It is critical to maintain accuracy during aminoacylation to prevent
translational errors. Mechanisms that safeguard the genetic code guarantee the
synthesis of functional proteins required for the survival of an organism. Accurate
aminoacylation is determined by the ability of aaRSs to specifically select their
substrate tRNA and amino acid from a pool of structurally similar metabolites. For
example, argininyl-tRNA synthetase (ArgRS) can recognize its cognate substrate
tRNAArg over tRNAAsp by about 10,000 fold (3). This specificity is mainly achieved
by a series of interactions with the substrate tRNA; a recognition mechanism
used by all the aaRSs. These interactions define the determinants (positive
recognition elements) of the substrate tRNAs that are specifically recognized by
the respective aaRSs. In addition, the presence of tRNA anti-determinants
(negative elements that prevent false aminoacylation) and stabilization of the
transition state of aminoacylation prevent misappropriation of non-cognate
aaRSs (12).
In contrast to tRNA, the coded amino acids are small and significantly less
complex. Hence, successful discrimination between the substrate amino acid and
non-cognate amino acids by many of the aaRSs is potentially problematic. For
example, discrimination between the amino acids valine and isoleucine by IleRS
is inadequate to prevent translational errors. IIeRS can discriminate between the
substrate isoleucine and non-cognate valine at a frequency of only ~180:1 (1315). However, some aaRSs like IIeRS have additional proofreading/editing
mechanisms to compensate for the loss in accuracy during amino acid selection
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and activation. The proofreading activity of IleRS minimizes misincorporation of
valine at isoleucine to a frequency of 1:3000 (13-15).

1.4 Indirect pathway for tRNA aminoacylation
For many years, the typical views of aaRSs and tRNA aminoacylation
were confined to only a few organisms (e. g. E. coli, yeast). In consideration of
the presence of 20 standard, encoded amino acids, 20 aaRSs were expected.
About 35 years ago, Wilcox and co-workers reported that Bacillus subtilis (B.
subtilis) lacks a functional GlnRS and consequently relies on an indirect pathway
for the synthesis of Gln-tRNAGln (16-18). However, this idea did not catch a lot of
attention for years. In 1988, Söll and co-workers showed that eukaryotic
organelles (plant chloroplasts and animal mitochondria) and cyanobacteria lack
detectable GlnRS activity and require an amidotransferase-dependent, indirect
pathway for the synthesis of Gln-tRNAGln (19).
One

of

the

landmarks

for

uncovering

novel

mechanisms

of

aminoacylation was the availability of the complete genome sequence of the
hyperthermophilic archaeon Methanococcus jannaschii (M. jannaschii) in 1996.
M. jannaschii was the first organism whose sequenced genome revealed only 16
of the 20 known aaRSs (20). The M. jannaschii genome lacked recognizable
genes encoding GlnRS, AsnRS, LysRS, and CysRS. It is later reported that M.
jannaschii carries a lysS gene with no similarity to the bacterial or eukaryal genes
that encodes LysRS (21). This less common archaeal LysRS was categorized as
a class I LysRS and can be easily distinguished from the class II LysRSs in
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eukaryotes and bacteria. Archaeal type LysRS was later found in αproteobacteria and spirochetes (21). The mechanisms to compensate for the
absence of other seemingly essential aaRSs in M. jannaschii were established
after the discovery of novel proteins and pathways for tRNA aminoacylation.
These non-canonical pathways of tRNA aminoacylation are not confined to M.
jannaschii and were later confirmed in most microorganisms and eukaryotic
organelles (mitochondria, chloroplasts and apicoplasts) (3,22,23). The genome of
M. jannaschii is deficient in the gene encoding CysRS and, at the time, the
mechanism for the formation of Cys-tRNACys was a mystery. An indirect pathway
was discovered in methanogens (including M. jannaschii) that lack the canonical
CysRS (24,25). The first step of the indirect synthesis of Cys-tRNACys involves
aminoacylation of tRNACys with phosphorylserine (Sep) by phosphorylseryl-tRNA
synthetase

(SepRS).

Next,

the

enzyme

Sep-tRNA:Cys-tRNA

synthase

(SepCysS) catalyses sulfhydrylation of Sep bound to tRNACys to produce the final
product Cys-tRNACys (24,25).
In archaea, the AdT-dependent pathway for the synthesis of Asn-tRNAAsn
was first discovered in Haloferax volcanii (H. volcanii) (22). The missing aaRSs in
M. jannaschii include AsnRS and GlnRS and formation of both Asn-tRNAAsn and
Gln-tRNAGln proceeds through two closely related indirect pathways (Figure 1.3).
For Gln-tRNAGln production, a ND-GluRS produces Glu-tRNAGln, which is
subsequently converted to Gln-tRNAGln by AdT (Figure 1.3A). Asn-tRNAAsn is
produced via an analogous process, relying on a misacylating non-discriminating
aspartyl-tRNA synthetase (ND-AspRS) and AdT (Figure 1.3B). (Similar to ND-

9

GluRS, ND-AspRS aminoacylate both tRNAAsp and tRNAAsn to produce cognate
Asp-tRNAAsp and misacylated Asp-tRNAAsn (3).)
The work presented in this thesis focuses on the gram-negative bacterium
Helicobacter pylori (H. pylori), which was the first bacterium identified to be
missing genes encoding for either GlnRS or AsnRS (3-5). The H. pylori genome
has two genes that code for divergent glutamyl-tRNA synthetases: GluRS1 and
GluRS2. The function of GluRS1 is to act as a canonical discriminating GluRS
that specifically recognizes and glutamylates the tRNAGlu1 and tRNAGlu2
isoacceptors to generate Glu-tRNAGlu1/Glu2. In contrast, GluRS2 compensates for
the absence of GlnRS by misacylating tRNAGln to produce Glu-tRNAGln (Figure
1.3A) (4,26). H. pylori ND-AspRS compensates for the lack of AsnRS by
producing Asp-tRNAAsn. (Figure 1.3B) (17,27). Finally, these two misacylated
tRNAs are repaired by H. pylori AdT.
Interestingly, some microorganisms employ both direct and indirect
pathways for the synthesis of certain aa-tRNAs. For example, the Deinococcus
radiodurans (D. radiodurans) genome codes for GlnRS, AsnRS, a discriminatingGluRS (D-GluRS), an ND-AspRS and AdT. D. radiodurans does not utilize
asparagine synthetase for the synthesis of asparagine (28). Thus, the sole route
for asparagine synthesis in D. radiodurans is through ND-AspRS and the AdTdependent indirect pathway (28).
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Figure 1.3: Indirect pathway for the synthesis of Asn-tRNAAsn and GlntRNAGln. Direct (top of each panel) and AdT-mediated, indirect pathways (bottom
of each panel) for the synthesis of A. Gln-tRNAGln and B. Asn-tRNAAsn. ND
indicates non-discriminating (3).
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1.5 ND-AspRS and ND-GluRS/GluRS2: non-canonical aaRSs with altered
tRNA substrate specificities
Many microorganisms are missing one or more aaRSs and rely on noncanonical aaRSs to produce certain aa-tRNAs (3,29,30). In organisms like H.
pylori that lack AsnRS and GlnRS, Asn-tRNAAsn and Gln-tRNAGln production
proceeds via misacylation of these two tRNAs. Misacylation of tRNAAsn is
catalyzed by a non-discriminating aspartyl-tRNA synthetase, ND-AspRS, which
produces both the cognate Asp-tRNAAsp and the misacylated Asp-tRNAAsn (3-5).
Glu-tRNAGln is produced via an analogous process, relying on a misacylating
glutamyl-tRNA synthetase (either ND-GluRS or GluRS2) (5,31,32). Translational
fidelity is not compromised by the presence of misacylated Asp-tRNAAsn or GlutRNAGln, due to the availability of an efficient repair system, AdT. In addition,
misacylated tRNAs are poorly recognized by EF-Tu, limiting the delivery of
misacylated tRNAs to the ribosome prior to their repair (33,34).
AsnRS is more widespread than GlnRS. Almost all bacteria contain
AsnRS and this enzyme is presumably transferred from eukaryotes (3) . The
exceptions

are H.

pylori, Aquifex

aeolicus, Chlamydia trachomatis,

Mycobacterium leprae and Mycobacterium tuberculosis (3). In these organisms,
Asn-tRNAAsn is produced via the ND-AspRS and AdT-dependent indirect
pathway. In ND-AspRS, the ability to recognize both tRNAAsp and tRNAAsn is
determined by the presence of an AsnRS-like-loop that recognizes the last
nucleotide of the two anticodons; i. e. the C36 nucleotide in the GUC anticodon in
tRNAAsp and the U36 nucleotide in the GUU anticodon in tRNAAsn (34,35).
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Insertion of this loop into a D-AspRS resulted in the conversion of a D-AspRS
into an ND-AspRS (36). Biochemical analysis of the anticodon binding domains
of D-AspRS and ND-AspRS uncovered some details about the mechanism of
tRNA recognition. Site-directed mutagenesis of the two conserved residues H31
and G83 (H31L and G83K) and the double mutant H31L/G83K in the ND-AspRS
from the pathogenic bacterium Pseudomonas aeruginosa PAO1 (P. aeruginosa
PAO1) altered this enzyme’s tRNA substrate specificity. The three mutants
showed greater specificity for tRNAAsp over tRNAAsn when tested with total tRNA
isolated from E. coli. Yet the mutants did not exhibit significant discrimination
against tRNAAsp over tRNAAsn when assayed with the total tRNA from P.
aeruginosa PAO1 (37).
There are two types of ND-AspRSs, archaeal and bacterial, both of which
arose from ancestral gene duplication (Figure 1.4A). These types further
diverged into modern-day ND- and D-AspRSs. In T. thermophilus, two divergent
AspRSs are encoded in its genome namely, AspRS1 and AspRS2. AspRS1 is a
bacterial-type AspRS, while AspRS2 is an archaeal-type ND-AspRS. Thus, the
two T. thermophilus AspRSs are good examples of the evolution of ancestral
AspRS to modern AspRS. These two aaRSs differ by their tRNA substrate
specificity; AspRS1 aminoacylates only tRNAAsp while AspRS2 functions as an
ND-AspRS aminoacylating tRNAAsn in addition to tRNAAsp (18,29,38).
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Figure 1.4: Evolutionary model of AspRS, GluRS and GlnRS (4,39). A. An
ancestral ND-AspRS diverged into archaeal and bacterial AspRS, with further
divergence into discriminating and non-discriminating types. B. D-GluRS and DGlnRS were evolved from an ancestral ND-GluRS.

A crystal structure of a bacterial ND-AspRS is not available to date.
However, sequence analyses of bacterial ND-AspRSs (e. g. H. pylori)
demonstrate the presence of an extra insertion domain that is ~140 amino acids
longer compared to the archaeal-type AspRS (e. g. T. Thermophilus) (38,40).
Thus, the evolution of the modern D-AspRS may be more complicated than
predicted (38). Both bacterial- and archaeal AspRSs exist in both forms,
discriminating and non-discriminating, suggesting that AspRS may have evolved
at least twice (Figure 1.4) (38).
The first characterization of the H. pylori bacterial ND-AspRS was reported
in 2006 (5). This enzyme efficiently catalyzes the aminoacylation of tRNAAsp over
tRNAAsn (the ratio of the specificity constant (kcat/KM) for tRNAAsp and tRNAAsn is
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2.9:1.7). Three mutants, L81N, L86M and L81N/L86M, were created based on
the comparison of the sequences of the tRNA anticodon binding domains of
several bacterial D- and ND-AspRS to the E. coli D-AspRS crystal structure.
These mutants showed increases in the enzyme’s specificity for tRNAAsp over
tRNAAsn. For example, the L83M mutation doubled the specificity constant
(kcat/KM) for tRNAAsp compared to tRNAAsn (from 2.9 to 5.8) (5). In contrast, a
single mutation (W26H or K85P) in the archaeal-type D-AspRS from T.
kodakaraensis was sufficient to completely convert this discriminating enzyme
into an ND-AspRS (Figure 1.5). A structural model of the D-AspRS from T.
kodakaraensis revealed direct interactions between K85 and C36 of the
anticodon of tRNAAsp (41). Unlike archaeal-type ND-AspRSs, bacterial-type NDAspRSs appear to be less sensitive to this kind of point mutation.
In contrast to AsnRS, GlnRS is so far found in a few micro-organisms (3).
For this reason, the indirect pathway for the synthesis of Gln-tRNAGln is nearly
ubiquitous in archaea and abundant in bacteria (several members of
proteobacteria and the Deinococcus/Thermus group have GlnRS, which
accounts for ~10% of the sequenced bacterial genomes) (3). Organisms that rely
on the indirect pathway for the synthesis of Gln-tRNAGln typically utilize an NDGluRS to produce misacylated Glu-tRNAGln. Similar to ND-AspRS, ND-GluRS
recognizes and aminoacylates both its cognate tRNAGlu and the non-cognate
tRNAGln. Biochemical analyses of B. subtilis ND-GluRS revealed that it
recognizes and glutamylates B. subtilis tRNAGlu and tRNAGln. In addition, this
enzyme glutamylates E. coli tRNA1Gln, but not tRNA2Gln and tRNAGlu. Unlike ND-
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AspRS, the ability of B. subtilis ND-GluRS to discriminate between the two isoacceptors of tRNAGln relies on the hypermodified uridine at position 34 (5methylaminomethyl-2-thiouridine) in tRNA1Gln and tRNAGlu (42). In contrast, the
discriminating GluRS (D-GluRS) may strongly discriminate against the third
position of the anticodon of tRNAGln to select specifically tRNAGlu (43).

Figure 1.5: The crystal structure of Thermococcus kodakarensis D-AspRS
(PDB: 3NEN) (44). Site-directed mutagenesis in the residues W26 or K85 (W26H
or K85P) completely converted T. kodakaraensis D-AspRS into a ND-AspRS
(41).
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Modern D-GluRS and D-GlnRS enzymes have a close ancestral
relationship, in which the two synthetases evolved through an ancestral gene
duplication event (Figure 1.4) (4,39). A key step in the segregation of the two
enzymes is likely to be the acquisition of anti-codon domains that are divergent
and specific for the two tRNAs, tRNAGln and tRNAGlu. Interestingly, all known
modern D-GlnRS found in bacteria and archaea) originated from eukaryotes
through horizontal gene transfer (4,39). GlnRS does not appear to have evolved
in bacteria or archaea.
The function of GluRS2, found throughout the ε-proteobacteria, including
H. pylori and Acidithiobacillus ferrooxidans (A. ferrooxidans), is distinct from NDGluRSs. The ancestral gene duplication of the gltX gene (encodes ND-GluRS)
lead to production of two separate genes that encodes GluRS1 and GluRS2
(4,39). Unlike ND-GluRS, in both organisms, GluRS2 is a discriminating enzyme
that specifically recognize and misacylate tRNAGln with glutamic acid. The
product Glu-tRNAGln is subsequently converted to Gln-tRNAGln by AdT. The H.
pylori GluRS1 functions as a D-GluRS and glutamylates tRNAGlu isoacceptors to
produce Glu-tRNAGlu. In contrast, A. ferrooxidans GluRS1 has a relaxed
substrate specificity and glutamylates both tRNAGln and tRNAGlu isoacceptors
with CUG anticodon (4,39).
The sequence of GluRS2 from H. pylori is not related to the D-GlnRS from
eukaryotes, but shows sequence similarity with ND-GluRSs (e. g. H. pylori
GluRS2 shares 37% sequence identity with B. subtilis ND-GluRS) (4,39). It was
proposed that GluRS2 can be defined as a GluGlnRS, an intermediate between
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a future bacterial D-GluRS and the ancestral ND-GluRS. Thus, it was
hypothesized that bacteria like H. pylori represent an intermediate stage of
evolution towards specific D-GlnRS and D-GluRS enzymes. In this scenario,
GluRS1 would be in the process of evolving into a modern D-GluRS, while
GluRS2 is evolving into a modern D-GlnRS (4).
The first crystal structure to be reported for an ND-GluRS was from the
organism Thermosynechococcus elongatus (T. elongatus) (45). This enzyme
shares structural similarity to the D-GluRS from T. thermophilus (45).
Biochemical analysis confirmed that the T. elongatus GluRS is non-discriminating
and catalyzes the synthesis of both Glu-tRNAGln and Glu-tRNAGlu. The bulkier
Arg358 in T. thermophillus D-GluRS is replaced by a Gly residue at position 366
that allows T. elongatus ND-GluRS to tolerate the pyrimidine base C36 in the
anticodon of tRNAGlu as well as the bulkier G36 in the anticodon of tRNAGln
(Figure 1.6). Many ND-GluRSs achieve this relaxed substrate specificity via this
mechanism. Biochemical analyses of the two homologues of GluRS (TM1875
and TM1351) from Thermotoga maritima (T. maritima), revealed that TM1875
functions as an ND-GluRS (46). However, the function of TM1351 is presently
unknown. The crystal structure of TM1875 in a complex with Glu-AMP was
resolved at 2.0 Å resolution. This structure revealed that TM1875 consists of five
domains: the anticodon-binding domains 1 and 2, the connective-peptide
domain, the Rossmann-fold domain and the stem-contact domain. The peptide
domain is inserted into the Rossmann-fold domain (catalytic domain). The impact
of GatCAB on the glutamylation of tRNAGln was measured for TM1875, in the
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presence of GatCAB. The efficiency of glutamylation was not affected in the
presence of excess GatCAB, indicating that glutamylation of tRNAGln avoids
competition with GatCAB
The mechanism for tRNA recognition by H. pylori GluRS2 was first
evaluated in 2004 (47). Unlike ND-GluRS and A. ferrooxidans GluRS1, H. pylori
GluRS2 only recognizes and misacylates tRNAGln to produce Glu-tRNAGln; it does
not produce Glu-tRNAGlu. Two anticodon domain mutants of H. pylori GluRS2,
Gly417Thr and Glu334Arg were generated based on the crystal structure of T.
thermophilus D-GluRS complexed with tRNAGlu (Figure 1.6). The Glu334Arg
mutant showed a decrease in catalytic efficiency towards tRNAGln, while the
Gly417Thr variant exhibited weak activity towards tRNAGlu1. The double mutant
(Glu334Arg/Gly417Thr) showed robust and specific aminoacylation activity
towards tRNAGlu1 over tRNAGln. These results support the hypothesis that both
GluRS1 and GluRS2 evolved from a common ancestral ND-GluRS. Mutagenesis
of certain conserved residues in one enzyme was useful to begin a map of the
evolutionary events that lead the ancestral ND-GluRS to diverge into these two
enzymes with different tRNA substrate specificities (47).
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Figure 1.6: The crystal structure of T. thermopilus D-GluRS in a complex
with tRNAGlu (PDB: 1G59) (48). The residues Arg358 and Thr444 in the
anticodon-binding domain (purple) show specific interactions with C36 (blue) and
U35 (red) in the anticodon loop of tRNAGlu (green).

1.6 The tRNA-dependent Asp/Glu amidotrasferase
In microorganisms and eukaryotic organelles that employ the indirect
aminoacylation pathway, the two misacylated aa-tRNAs, Glu-tRNAGln and AsptRNAAsn, must immediately be repaired in order to safeguard the genetic code
from misincorporation of Asp and Glu into proteins at Asn and Gln codons. AdT
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maintains the fidelity of protein synthesis by efficiently repairing the two
misacylated tRNAs (Figure 1.7). Three types of AdTs exist: bacterial, organellar,
and archaeal. The bacterial AdT is a heterotrimeric protein complex composed of
three subunits, namely GatA, GatB, and GatC; it is also called GatCAB (Figure
1.8). GatCAB is utilized by most bacteria and organelles and some archaea. In
many microorganisms, like B. subtilis, the gatA, gatB, and gatC genes are
arranged in a single operon. The Söll lab reported that the expression of B.
subtilis GatA requires at least a gatCA operon (17). However, GatB does not
require a gatCB or gatCAB operon and can be expressed alone (17). In contrast
to B. subtilis, in certain organisms like H. pylori and D. radiodurans, the three
genes are not in an operon and are dispersed throughout the genome (17,49).
Unlike H. pylori, the B. subtilis genome encodes a functional GlnRS for the
direct synthesis of Gln-tRNAGln. In fact, B. subtilis only requires AdT for the
conversion of Asp-tRNAAsn to Asn-tRNAAsn. H. pylori lacks both GlnRS and
AsnRS and relies on AdT for the synthesis of both Gln-tRNAGln and Asn-tRNAAsn.
The dually functional bacterial AdT that can modify both misacylated tRNAs
(Asp-tRNAAsn and Glu-tRNAGln) was first discovered in Acidithiobacillus
ferrooxidans (A. ferrooxidans) and Chlamydia trachomatis (C. trachomatis)
(50,51). Similar to H. pylori, A. ferrooxidans and C. trachomatis genomes are
deficient in genes that encode both AsnRS and GlnRS (50,51). In addition,
biochemical analysis revealed that T. thermophilus GatCAB can transamidate
both misacylated tRNAs, Glu-tRNAGln and Asp-tRNAAsn in vitro, despite the fact
that this organism utilizes GatCAB only for the modification of Asp-tRNAAsn. (T.
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thermophilus has a GlnRS and does not require AdT for Gln-tRNAGln
biosynthesis.) Deletion of the C-terminal 44 amino acids from GatA inhibits
synthesis of only Asn-tRNAAsn, suggesting that the two catalytic functions of AdT
can be separated (52).
The archaeal AdT is heterodimeric and the subunits are named GatD and
GatE (GatDE); it is a monofunctional AdT that only catalyzes the conversion of
Glu-tRNAGln to Gln-tRNAGln (Asp-tRNAAsn is not a substrate for GatDE) (18).
Archaea can employ the heterotrimeric GatCAB, the heterodimeric GatDE
enzyme, or both (Figures 1.8 and 1.9) (27,53). GatB and GatE are functionally
and evolutionarily related to each other. GatA and GatD are structurally different
but functionally convergent (GatA is a homolog of amidases and GatD is a
homolog of L-asparaginases); both subunits function as glutaminases generating
ammonia from glutamine (Figure 1.7A) (18,54,55). The ammonia generated in
GatA or GatD is then transported to the GatB or GatE active site through an
ammonia tunnel. The GatB and GatE subunits are structurally and functionally
related and perform the kinase and transamidation reactions (Figure 1.7 B and
C). In the active site of GatB/GatE, the tRNA is activated to produce γphosphoryl-aa-tRNA followed by addition of ammonia to produce correctly
acylated aa-tRNA. GatE can produce γ-phosphoryl-Glu-tRNAGln in the absence of
GatD, however GatB activity requires the presence of GatA and binding of GlutRNAGln (56).
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Figure 1.7: The three chemical reactions catalyzed by GatA and GatB
subunits of AdT. A. Glutamine is hydrolyzed to glutamic acid in GatA, releasing
ammonia into the enzyme’s molecular tunnel. B. GatB uses ATP and catalyzes
the phosphorylation of Asp-tRNAAsn (shown) or Glu-tRNAGln (not shown) to
produce phosphoryl-Asp-tRNAAsn or phosphoryl-Glu-tRNAGln C. Ammonia is
transferred to either phosphorylated aminoacyl-tRNA by GatB to produce AsntRNAAsn or Gln-tRNAGln D. The overall reaction catalyzed by AdT. An analogous
pathway exists for the conversion of Glu-tRNAGln to Gln-tRNAGln.

23

The crystal structure of the S. aureus GatCAB revealed details about the
ammonia tunnel in bacterial AdTs (57). The interior of the ammonia tunnel
connecting GatA and GatB is largely hydrophilic. This AdT tunnel can be
distinguished from the ammonia tunnels found in other glutamine-dependent
amidotransferases (GATs) due to its hydrophilicity. The ammonia tunnels in all
other known GATs are largely hydrophobic (e. g. carbamoyl phosphate synthase,
glycerol phosphate synthase, asparagine synthetase B, and glutamine
phosphoribosylpyrophosphate amidotransferase) (56,58-61). Tunnel calculations
on the S. aureus GatCAB ammonia tunnel predicted (Figure 1.8) that it is
discontinuous and ~37 Å long. The tunnel is lined with conserved polar and ionic
amino acids that interact with many ordered, interior water molecules. The
hydrophilicity of this tunnel suggested a proton-relay mechanism for ammonia
delivery (57). Delivery of ammonia from GatA to GatB was proposed to be
regulated by a gate in the tunnel controlled by residue E125. It was also
suggested that binding of Glu-tRNAGln to GatB results in a conformational change
triggering the opening of E125 (at the interface of GatA and GatB) to connect the
two halves of the tunnel. The ammonia generated in GatA migrates through the
tunnel and then enters the GatB catalytic center to convert phosphoryl-GlutRNAGln into Gln-tRNAGln (57). The GatC subunit (a small protein of ~100 amino
acids) is predicted to stabilize the GatAB complex because it wraps around the
GatA and GatB interface like a belt holding the three subunits together.
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Figure 1.8: The crystal structure of S. aureus GatCAB (PDB: 2G5H) (57). The
subunits GatA, GatB and GatC are color coded in cyan, yellow and black,
respectively. The conserved hydrophilic amino acids lining the 37 Å ammonia
tunnel are shown in red spheres. It is proposed that the tunnel residues deliver
ammonia to the GatB active site via a proton relay mechanism. Binding of GlutRNAGln to GatB may results in conformational changes triggering the opening of
the putative gate residue E125.
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To investigate the kinase activity of H. pylori AdT, the conserved residues
lining the ammonia tunnel were mutated. Two residues, Thr149 (in GatA, distal to
the active site of GatB) and Lys89 (at the interface of GatA and GatB) were
identified that significantly decreased the kinase activity of AdT (kinase activity
was decreased by 55-75%). These results suggested that these two residues
play a critical role in interdomain communication. In addition, molecular dynamics
simulations identified 59 common residues in AdT that may be involved in
communication between the two active sites (62).
Site-directed mutagenesis in tRNAGln revealed that the interactions
between GatB and the U1-A72 base pair in the D-loop are critical for the
recognition of tRNAGln. The mechanism for the recognition of tRNAAsn by AdT is
not well characterized. Arguably, the crystal structure of Thermus thermophilus
(T. thermophilus) Asn-transamidosome uncovers a great deal about tRNAAsn
bound to GatCAB (discussed in section 1.7) (63).
The first crystal structure of GatDE was reported in 2005 for the
hyperthermophilic archaeon Pyrococcus abyssi (P. abyssi) (27). The structure
was resolved at 3 Å resolution and revealed that P. abyssi GatDE forms an α2β2
tetramer (27). Another key feature revealed from this structure is that the active
sites in GatD and GatE are separated by a greater distance (27). The crystal
structure of M. thermautotrophicus GatDE in a complex with tRNAGln was
reported that uncovered information on tRNA binding and recognition by the
GatE subunit (64). GatE binds to the tRNA in a way that is reminiscent of EF-Tu
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binding to tRNAs (39,40). GatE interacts with only the upper half of tRNAGln,
including the D loop, TΨC arm, and the acceptor stem (Figure 1.9) (65,66).
Biochemical analysis showed that the interactions between D loop of
tRNAGln and GatE provide a significant contribution to the specificity of GatDE
towards tRNAGln over tRNAGlu and tRNAAsn. The contacts between Asp463 and
Gln240 residues in the GatE subunit with G52 and A73 in tRNAGln are crucial for
the recognition of tRNAGln (Figure 1.9). This crystal structure also unveiled a
hydrophilic tunnel connecting the GatD and GatE active sites. This tunnel is
approximately 40 Å long and lined with conserved hydrophilic residues (64). Like
other GATs, the ammonia generated in GatD is presumably transported through
the tunnel to the active site of GatE. This mechanism negates the requirement for
the two active sites to be located in close proximity in order to complete the
catalytic cycle.
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Figure 1.9: The crystal structure of M. thermautotrophicus GatDE (PDB:
2D6F) (64). The GatD and GatE subunits are color coded in yellow and cyan,
respectively. The contacts between Asp463 and Gln240 in GatDE with G52 (red)
and A73 (purple) in tRNAGln are crucial for tRNAGln recognition.
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1.7 Formation of macromolecular transamidosome complexes facilitate
indirect synthesis of Asn-tRNAAsn and Gln-tRNAGln
The labile ester bonds of cognate aa-tRNAs are typically safeguarded by
EF-Tu during their delivery to the ribosome (34,67-69). EF-Tu lacks any
measurable affinity for misacylated tRNAs, Glu-tRNAGln and Asp-tRNAAsn, in vitro
(68) and discriminates against these aa-tRNAs to a level that is sufficient to
prevent misincorporation of amino acids into the proteome (70,71). However, it is
well established that overexpression of misacylating aaRSs, like ND-GluRS and
GluRS2, is toxic to E. coli due to the absence of AdT and the misincorporation of
Glu into proteins via use of Glu-tRNAGln. Even though EF-Tu does not tightly
associate with Glu-tRNAGln, the toxicity is caused by misincorporation of
glutamate

into

glutamine

codons

(4,26,72,73).

In

addition,

successful

incorporation of aspartic acid into asparagine codons was observed when NDAspRS was overexpressed in E. coli (39,52). Under typical conditions, EF-Tu
does not bind to Glu-tRNAGln and Asp-tRNAAsn at a measurable, low nanomolar
affinities (70). However, It appears that high in vivo levels of EF-Tu (~170 µM ) in
combination with overexpression of misacylating aaRSs impact the proofreading
capacity of EF-Tu, which allows it to bind Glu-tRNAGln and Asp-tRNAAsn with high
enough affinity to deliver them to the ribosome for polypeptide synthesis (70,74) .
Even though EF-Tu plays a critical role in discriminating against the two
misacylated

tRNAs,

Glu-tRNAGln

and

Asp-tRNAAsn,

and

prevents

misincorporation of glutamate and aspartate into polypeptides at glutamine and
asparagine codons, this mechanism is insufficient to safeguard the genetic code
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because EF-Tu is highly abundant

in vivo (~170 µM ) (70,74). In order to

maintain the accuracy of the genetic code, bacteria that rely on indirect
aminoacylation pathways require one or more additional mechanisms to prevent
misincorporation of amino acids via Glu-tRNAGln or Asp-tRNAAsn. For example, M.
jannaschii prevents delivery of misacylated Sep-tRNACys into the ribosome by
sequestering this misacylated tRNA in a tight ribonucleoprotein complex that
consist of O-phosphoseryl–tRNA synthetase (SepRS), Sep-tRNA–Cys-tRNA
synthase (SepCysS), and Sep-tRNACys. This complex traps the misacylated
tRNA until it is repaired, while promoting the efficient synthesis of Cys-tRNACys
(75).
Likewise, organisms that utilize indirect pathways for the synthesis of AsntRNAAsn and Gln-tRNAGln have adapted mechanisms to prevent misincorporation
of aspartate and glutamate into the genetic code. A new ribonucleoprotein
complex (RNC), named the transamidosome, was discovered in 2007, from T.
thermophiles. This complex facilitates the indirect synthesis of Asn-tRNAAsn
(Figure 1.10) (76,77). Association of T. thermophilus tRNAAsn, ND-AspRS and
AdT forms a stable, ternary transamidosome complex that sequesters AsptRNAAsn (generated by ND-AspRS) and directly transfers it to the active site of
AdT for conversion to Asn-tRNAAsn. In micro-organisms that rely on indirect
aminoacylation,

substrate

channeling

through

transamidosome

formation

provides two advantages. The transamidosome increases the efficiency of the
overall process of Asn-tRNAAsn formation, while preventing premature release of
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the misacylated tRNA. (The transamidosome traps the misacylated tRNA until it
is repaired to Asn-tRNAAsn, safeguarding the accuracy of protein synthesis.)
The crystal structure of the T. thermophilus transamidosome was resolved
to 3 Å and contains four copies of tRNAAsn, two copies of AdT and the dimeric
ND-AspRS (63,68). Only two of the tRNAAsn molecules are positioned for
asparaginylation (cattRNAAsn). The remaining two tRNAs acts as scaffolds
(scaftRNAAsn), to prevent dissociation of the two AdT enzymes. In this crystal
structure, each

cattRNA

Asn

acceptor end is trapped in a differnet GatB active site.

The mechanism of tRNAAsn asparaginylation is proposed to occur through
binding of the 3’ CCA end of each

cattRNA

Asn

to the ND-AspRS, promoted by the

formation of activated Asp-AMP intermediate. Next, the aspartylated end of the
tRNA shifts ~35 Å from the active site of ND-AspRS to the GatB transamidation
site. This movement resembles the post-transfer editing mechanism of aaRSs
(the editing site of IIeRS is located 34 Å away from the active site) (68,78,79).
Formation of the ternary complex with tRNAAsp (scaftRNAAsp) is significantly less
efficient. In the crystal structure, the two tRNA-bound ND-AspRS molecules are
arranged

symmetrically

and

are

likely

to

resemble

formation

of

the

transamidosome complex. Release of the final Asn-tRNAAsn product promotes
dissociation of the complex and allows a new transamidosome to assemble with
free

Asn
cattRNA

for another round of catalysis. It is proposed that the entry of ND-

AspRS saturated with

Asn
cattRNA

occurs from the opposite side of the bound ND-

AspRS, promoting its release with the final product, Asn-tRNAAsn. During the
exchange of the two ND-AspRSs, the dissociation of the complex is prevented by
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Asn
cattRNA

and

scaftRNA

Asn

bound to the second ND-AspRS. The final product

Asn-tRNAAsn is recognized by EF
EF-Tu and delivered to the ribosome for protein
synthesis (68).

Figure 1.10: The crystal structure of T. thermopilus Asn-transamidoso
transamidosome
(PDB: 3KFU) (63). The AdT subuni
subunits
ts GatA, GatB and GatC appear in cyan,
yellow and black, respectively. The ND
ND-AspRS, cattRNAAsn and the scaftRNAAsn are
color coded in red, blue, and green, respectively. Only one functional unit of the
transamidosome is highlighted for clarity.
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The Asn-transamidosome from T. thermophilus is well characterized and
beneficial for maintaining translational accuracy and efficiency (76,77). Likewise,
formation of a Gln-transamidosome between a misacylating ND-GluRS (or
GluRS2) and AdT would be beneficial to maintain translational integrity during
the formation of Gln-tRNAGln. A Gln-transamidosome consisting of a single copy
of AdT, ND-GluRS and tRNAGln has been characterized from Thermotoga
maritima (T. maritima) (Figure 1.11) (80). The T. maritima Gln-transamidosome is
less complex and more asymmetrical, compared to the T. thermophilus Asntransamidosome, and tRNAGln is trapped in a non-productive orientation. Thus,
the mechanism of how the accepter end of Glu-tRNAGln is transferred from NDGluRS to AdT remains a mystery. Recently, unsuccessful efforts to isolate the
Gln-transamidosome from M. thermoautotrophicus and the pre-steady-state
kinetic experiments argue that the substrate channeling via Gln-transamidosome
formation is not essential or even favorable, at least in archaea (81). Pre-steadystate experiments showed that the two enzymes of M. thermoautotrophicus, NDGluRS and GatDE function independently. The Glu-tRNAGln intermediate
dissociates from ND-GluRS and rebinds GatDE, converted to the final product
Glu-tRNAGln , negating the requirement of a Gln-transamidosome (81).
In the crystal structure of the T. maritima transamidosome, ND-GluRS is
bound in the productive form with the tRNAGln accepter bound to the active site of
ND-GluRS. In contrast, AdT is bound in a non-productive manner, contacting
ND-GluRS. It is located proximal to the accepter arm of tRNAGln but not in an
orientation that would allow for transfer of Glu-tRNAGln. The C-terminal region of
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GatB contacts the elbow region of tRNAGln, but not the acceptor stem. Based on
the proposed mechanism of transamidosome function, both AdT and ND-GluRS
can adopt productive and non-productive forms (AdT and ND-GluRS compete for
the tRNA accepter end and cannot adopt their productive forms simultaneously).
The two enzymes work cooperatively to produce the final product Gln-tRNAGln via
two consecutive steps. In the first step, ND-GluRS is in the productive form and
Glu-tRNAGln is produced. Formation of Glu-tRNAGln facilitates a series of
undefined movements in the two enzymes causing AdT to adopt its productive
form. Next, Glu-tRNAGln is transferred from the ND-GluRS active site to the
transamidation site of GatB, followed by the formation Gln-tRNAGln. Presumably
the transamidosome then dissociates, releasing the final product and the two
enzymes are available for a new catalytic cycle (80). However, it is not clear
whether the assembly of the T. maritima transamidosome and its function can be
generalized to organisms that use structural orthologs of ND-GluRS like GluRS2.
Biochemical evidence for the formation of Gln-transamidosome in archaea
was

reported

for

Methanothermobacter

thermautotrophicus

(M.

thermautotrophicus) (82). Formation of a binary complex between ND-GluRS and
GatDE was observed. In contrast to T. thermophilus, assembly of this archaeal
complex is independent on tRNAGln and has minimal impact on the glutamylation
and transamidation reactions (82).
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Figure 1.11: The crystal structure of the T. maritima Gln-transamidosome
transamidosome in
the glutamylation state (PDB: 3AL0) (80). The AdT subunits GatA, GatB and
GatC appear in cyan, yellow
yellow, and black, respectively. ND-GluRS (purple) is in the
productive form (glutamylation state) where the tRNAGln accepter arm (green) is
buried in the active site of the enzyme.
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The genome of H. pylori lacks the genes encoding both AsnRS and Asn
synthetase (AsnS) and this organism does not appear to import asparagine (83).
Consequently, the sole route for asparagine synthesis relies on the indirect
biosynthesis of Asn-tRNAAsn. Likewise, H. pylori lack GlnRS and indirectly
produce Gln-tRNAGln (83). In this case, a mechanism for efficient and accurate
synthesis of both Gln-tRNAGln and Asn-tRNAAsn is a requirement for survival.
Biochemical evidence for the existence of an Asn-transamidosome in H. pylori
was first reported in 2007, when it was shown that the affinity of AdT for AsptRNAAsn is increased in the presence of physiological concentration of ND-AspRS
(69).
In 2012, an extensive biochemical analysis of the H. pylori Asntransamidosome was reported. In contrast to the stable tRNA-dependent
transamidosome observed in T. thermophilus, quantitative steady-state kinetic
measurements argued that the analogous H. pylori components (AdT, NDAspRS and tRNAAsn) assemble into a transient, dynamic Asn-transamidosome
(84). Two mechanisms for Asn-transamidosome assembly and function were
proposed. In the first, AdT would bind to tRNAAsn to form a tRNA-presenting
complex (tRNAPC) for ND-AspRS (H. pylori AdT has a 10-fold stronger affinity
for tRNAAsn over ND-AspRS). The tRNAPC accelerates aspartylation by NDAspRS compared to tRNAAsn in the absence of AdT. Once Asp-tRNAAsn is
produced, the accepter arm is transferred to the transamidation site of AdT,
pulling the tRNA from ND-AspRS. The ND-AspRS is released from the complex,
making it available for a new catalytic cycle. The second proposed mechanism
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suggests that ND-AspRS binds and aminoacylate tRNAAsn to produce AsptRNAAsn, but releases this product much slower than it releases Asp-tRNAAsp,
permitting AdT to bind and convert Asp-tRNAAsn to Asn-tRNAAsn (84).
The first characterization of the H. pylori Gln-transamidosome was
reported in 2011. This complex is less stable and more dynamic than any others
described previously (83). The integrity of the Gln-transamidosome (consisting of
AdT, GluRS2 and tRNAGln) depends on an optimum concentration of tRNAGln,
which maintains a 1:1:1 stoichiometry of GluRS2/tRNAGln/GatCAB ternary
complex. When the concentration of tRNAGln exceeds the optimum concentration,
formation of separate binary complexes between AdT/GluRS2 and tRNAGln were
observed. It was also suggested that excess Glu-tRNAGln is hydrolyzed by
GluRS2 when tRNAGln concentrations exceed a certain level, ensuring the
integrity of the genetic code (83).
The observed interaction for the complex between GluRS2 and AdT, in
the absence of tRNAGln, is weak (KD of 40 ± 5 µM), but appears to contribute to
the stability of the transamidosome (83). Kinetic experiments and binding studies
with the H. pylori Gln-transamidosome revealed that tRNAGln functions as a
scaffold tRNA that facilitates transient assembly of the transamidosome through
independent and transient interactions with both AdT and GluRS2.
In contrast to H. pylori, the binary complex between ND-GluRS and GatDE
from M. thermautotrophicus has a KD of 100 nM and forms a stable complex in
vitro (82). Assembly of the M. thermautotrophicus Gln-transamidosome is
facilitated by protein-protein interactions between ND-GluRS and GatDE. In
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contrast, T. thermophilus utilizes RNA-protein interactions for the stable
assembly of its Asn-transamidosome (68,82). In this case, assembly of the H.
pylori Gln-transamidosome represents a hybrid state of those used with the T.
thermophilus and M. thermautotrophicus transamidosomes.
Unlike T. thermophilus and T. maritima, characterization of the H. pylori
Asn- and Gln-transamidosomes revealed that neither sets of components
assemble into stable transamidosomes. However, quantitative steady state
experiments argued for a transient and dynamic assembly of the two
transamidosomes (83,84).
Even though the transamidosome is clearly used to prevent translational
errors in organisms like T. thermophilus, formation of such complexes is
challenging in organisms like H. pylori. Unlike T. thermophilus, H. pylori utilize a
bacterial ND-AspRS that has an extra domain that could sterically occlude Asntransamidosome according to the T. thermophilus transamidosome structure (T.
thermophilus utilizes an archaeal-type ND-AspRS (63,68)). One could envision
that steric interference caused by the bacterial ND-AspRS insertion domain may
account for the unstable association between AdT and ND-AspRS. In addition, H.
pylori also requires AdT for transamidation of both Asp-tRNAAsn and Glu-tRNAGln
(5,31,32). T. thermophilus utilizes GlnRS and does not require AdT for GlntRNAGln biosynthesis (68,77). Therefore, the impact of transamidosome formation
on the dual substrate specificity of AdT remains a mystery. Given the observed
weak interactions between the components of the two transamidosomes in H.
pylori, formation of a higher order complex that includes tRNAGln and GluRS2 is
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doubtful. Considering H. pylori Asn- and Gln-transamidosomes are dynamic and
unstable, the organism must employ an alternative mechanism to facilitate
assembly of stable transamidosomes to promote translational accuracy.

1.8 Novel H. pylori proteins as possible players
Recent advances in proteomics and genomics enable the discovery of
novel mechanisms related to tRNA aminoacylation, editing of misacylated tRNAs,
and the association of accessory proteins multi-synthetase complexes (85,86).
For example, binding of tRNAGln to AdT is facilitated by the YqeY domain, a
paralog of the YqeY protein (87). The protein YbaK functions as a trans-editing
domain related to that of some ProRSs (88-90).
In certain organisms, the tRNA aminoacylation machinery utilizes nonaaRS auxiliary proteins to bridge key protein components in a macromolecular
complex called multi-aminoacyl-tRNA synthetase (MARS) complexes. For
example, in yeast, the auxiliary protein Arc1P facilitates and stabilizes the
assembly of a MARS complex between GluRS and methionyl-tRNA synthetase
(MetRS). This complex stably assembles in vivo and is stabilized by interactions
between the N-terminal domain of Arc1P and the N-terminal regions of the two
synthetases (91,92).
Formation of MARS complexes utilizing non-aaRS accessory proteins also
occurs in higher order eukaryotes. In metazoa, a large MARS complex containing
at least nine aaRSs and three accessory proteins has been observed. The
complex contains bifunctional GluRSProRS, GlnRS, AspRS, ArgRS, IleRS,

39

LysRS, LeuRS, MetRS and the accessory proteins p18, p38, and p43 (91-94).
Recently, affinity purification-mass spectrometric (AP-MS) analyses suggested
threonyl-tRNA synthetase like-2 (TARSL2) protein as a new component of MARS
complex (94). One of the broadly studied accessory proteins in this complex is
p18. Sequence homology of p18 to the N-terminal polypeptide extension of valyl
tRNA synthetase (ValRS) from human suggested that p18 transiently binds
elongation factor 1H (EF-1H) (95). Removal of the N-terminal extension in ValRS
resulted a fully functional enzyme, but the truncated protein was unable to form a
stable complex with EF-1H (95). The accessory protein p38 is significant for
complex assembly, while p43 is partially homologous to yeast Arc1P, and
facilitates binding of tRNA to the complex (96).
MARS complexes have also been identified in a bacterium and an
archaeon (97). The archaeal MARS complex from M. thermautotrophicus
contains at least three aaRSs (LysRS, LeuRS and ProRS) and elongation factor
(EF-1α) (97). EF-1α associates with MARS complex through the interactions with
LeuRS. The catalytic efficiency of LeuRS was increased in the presence of EF1α, while the efficiency of aminoacylation of LysRS and ProRS were increased in
the presence of LeuRS (97). The existence of MARS complexes in bacteria is
debatable. Formation of binary complexes that are functionally engaged in tRNA
aminoacylation and editing are more common in bacteria (98). However, in
Mycobacteria, tandem affinity purification–mass spectrometric analyses (TAPMS) suggested physical connection between of six aaRSs and four other
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proteins, providing evidence for the existence of higher order MARS complexes
in bacteria (99).
Even though the exact role of these MARS complexes is not well
established, it has been suggested that MARS facilitates substrate channeling,
improving the overall efficiency and accuracy of protein synthesis. The discovery
of novel protein players in protein biosynthesis reveals that the translation
machinery is much more complex than commonly envisioned. However, up to
date, evidence for the assembly of a MARS complex has not been reported in H.
pylori.
Association of auxiliary proteins to form MARS complexes leads to the
hypothesis that novel protein players may participate in indirect synthesis of GlntRNAGln and Asn-tRNAAsn in H. pylori. We decided to examine the hypothesis that
H. pylori uses other proteins to either facilitate transamidosome assembly or to
deliver each misacylated aa-tRNA from the respective aaRSs (ND-AspRS and
GluRS2) to AdT. A yeast two-hybrid (Y2H) interaction profile of the H. pylori
proteome provided an opportunity to identify possible protein partners that could
play one or both of these roles. Several proteins of unknown function were
identified based on their intriguing Y2H interactions with AdT, GluRS2 and NDAspRS (Figure 1.12) (100). The proteins Hp0100, Hp0495 and Hp1259 were
identified as targets in view of the fact that the three proteins connect either
GluRS2 or ND-AspRS to AdT.
Hp0100, a 368 amino acid-long (43 kD) protein was identified by Y2H,
because of its interactions with the GatA subunit of AdT and ND-AspRS (Figure
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1.12A). By Y2H, Hp0100 weakly interacts with GatA but shows a modest
interaction with ND-AspRS (100). We hypothesized that Hp0100 could be a
player in indirect biosynthesis of Asn-tRNAAsn due to its connection to AdT and
ND-AspRS. Analysis of the amino acid sequence of Hp0100 revealed that it
contains a putative ATP-binding motif that belongs to the adenine alpha
hydrolase-like ((AANH-like) superfamily (101).
We also looked at the phylogenetic distribution of Hp0100 through
different types of bacteria (Amanda Cruz and Rachel Simari, data not shown).
We conducted BLAST searches on different bacterial clades to determine the
distribution of Hp0100. These analyses showed that only the ε-proteobacteria
(e.g. H. pylori) contain genes encoding for full-length Hp0100 (368 amino acids).
Many bacterial genomes outside of this clade contain genes encoding for the Nterminal half of Hp0100 (e. g. E. coli).
Similarly, Hp1259, another H. pylori protein of unknown function, was
identified based on its Y2H interactions with GluRS2 and GatA (Figure 1.12A)
(100). Hp1259 is a protein of 205 amino acids and contains a putative NADPHbinding domain. The implied interactions between Hp1259 and GluRS2 and AdT
suggest that Hp1259 may play a role in the indirect synthesis of Gln-tRNAGln.
However, the interactions observed with Hp0100 and Hp1259 and the different
indirect aminoacylation enzymes were weak. One possibility is that these signals
would be strengthened in the presence of H. pylori tRNA. After all, the T.
thermophiles Asn-transamidosome requires tRNAAsn for assembly (76,77)). The
network of interactions between Hp0100, Hp1259, ND-AspRS, GluRS2 and AdT
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also suggests that these components may assemble into a MARS-like complex
in H. pylori. We hypothesize that Hp0100 and Hp1259 may function as accessory
proteins stabilizing the complex, while consecutively delivering the two
misacylated tRNAs, Glu-tRNAGln and Asp-tRNAAsn, from their respective aaRSs
to AdT. Consequently, Hp0100 and Hp1259 may simplify the process of indirect
tRNA aminoacylation by bringing all enzymatic players into proximity.
Hp0495, a small protein containing 86 amino acids, shows a robust
interaction with EF-Tu (Figure 1.12B) (100). The NMR structure of Hp0495 was
reported in 2007 (102,103). However, the exact role of Hp0495 remains
undiscovered. In addition, building on bioinformatic studies, homologs of Hp0495
were only found in organisms containing GluRS2, suggesting that the two
proteins may have evolved together and engage in the same biological pathway;
i. e. the indirect biosynthesis of Gln-tRNAGln. The NMR structure of Hp0495
revealed that it contains four β-sheets and two α-helices with sequence
homology to proteins that bind nucleic acids (102,103). Preliminary work on
Hp0495 suggests that Hp0495 specifically interacts with ATP, glutamic acid,
tRNAGlu1/Gln and EF-Tu and forms a complex with GluRS2 in a tRNAGlndependent manner (Keng-Ming Chang and Shirin Fatma, unpublished results).
The potential role of Hp0495 in the context of assembly of an RNC between
Hp0495, AdT, GluRS2 and tRNAGln in the presence of Hp1259 will be assessed
in the future.
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Figure 1.12: The network of yeast-two-hybrid (Y2H) protein-protein
interactions that may indirect synthesis of Asn-tRNAAsn and Gln-tRNAGln. A.
The novel proteins Hp0100 and Hp1259 identified by Y2H suggest a mechanism
to connect GluRS2 and ND-AspRS to AdT. Intriguingly, GluRS1, the aaRS that
solely synthesizes Glu-tRNAGlu was not detected by Y2H as an interacting
partner of Hp1259. B. Hp0495 shows a robust connection with EF-Tu.

We are currently investigating the roles of Hp0100, Hp1259 and Hp0495
in the context of their association with the indirect biosynthesis machinery for
Asn-tRNAAsn and Gln-tRNAGln production in H. pylori. Elucidation of the potential
role/s for these proteins will help us to resolve the mechanism needed to achieve
the dual functionality of AdT without a loss in translational efficiency and
accuracy. The discovery of novel mechanisms will expand our knowledge of
protein biosynthesis and ultimately may enable us to design clade-specific drugs.
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1.9 The human gastric bacterial pathogen Helicobacter pylori
The dissertation research herein primarily focuses on the indirect
biosynthesis pathways for Asn-tRNAAsn and Gln-tRNAGln in the human gastric
pathogen H. pylori. H. pylori was discovered more than 20 years ago by Barry
Marshall and Robin Warren. They demonstrated that H. pylori colonize the
human stomach and they were able to successfully culture and isolate this
organism (104,105). H. pylori is a causative agent of a variety of gastrointestinal
disorders, namely, peptic ulcer disease, chronic gastritis, as well as chronic and
severe diseases such as gastric cancer and gastric mucosa-associated lymphoid
tissue (MALT) lymphoma (105). In 2005, Barry Marshall and Robin Warren won
the Nobel Prize in Physiology/Medicine as an honor for their discovery of the
gastric pathogen H. pylori.
In contrast to other bacteria, the spiral shaped H. pylori can survive in
extreme acidic environments (105). Pathogenesis of H. pylori begins with
colonization of the human/animal gastric mucosa during childhood. Its
pathogenesis requires production of the enzyme urease in large quantities. In our
stomachs, urease converts urea and water into ammonia and carbon dioxide that
neutralizes the gastric juice enabling H. pylori to survive in acidic pH. In the
absence of urea, H. pylori is not acid-tolerant (106). The flagellar movement and
the helicoidal shape of H. pylori facilitate migration through the thick mucus that
protects the epithelial cells lining the stomach. The ammonia generated by
urease buffers the acidic environment, which enables H. pylori to survive until it
reaches the stomach epithelial lining where the pH normalizes to ~7. Next, H.

45

pylori use specialized adhesins to stick to the epithelial cells and pathogenesis
proceeds by damaging the stomach epithelial lining of the host (Figure 1.13)
(105).
H. pylori infection is widespread world-wide due to its long-term
persistence in the environment, development of resistance against currently
available antibiotics, and the lack of vaccination strategies against this bacterium.
In fact, it is a high priority to better understand the mechanisms of H. pylori
pathogenesis and drug resistance to aid the discovery of novel therapeutics and
prevention strategies against H. pylori (105).

Figure 1.13: The process of H. pylori infection. Urease produces ammonia,
which is converted to ammonium, and buffers the acidic environment in the
stomach mucosa, enabling survival of H. pylori in acidic pH (pH ~1) until it
reaches the epithelial layer (pH ~7).
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The H. pylori genome sequence identified H. pylori as the first organism
known to be deprived of direct aminoacylation pathways for the synthesis of both
Asn-tRNAAsn and Gln-tRNAGln (49). Elucidation of the novel mechanisms for
aminoacylation of these tRNAs holds potential for the development of a greater
understanding of bacterial phylogenetics, speciation, and the identification of
novel, clade-specific targets for new antibiotics.

1.10 Dissertation research
As previously stated, H. pylori is an obligate human pathogen responsible
for causing stomach ulcers and cancer. Its clade (the ε-proteobacteria) includes
several human enteric pathogens like Campylobacter jejuni (C. jejuni) that cause
other deleterious health problems in humans. The dissertation work presented
herein demonstrates that this clade has adopted a unique mechanism to ensure
accuracy during indirect tRNA aminoacylation. H. pylori requires a mechanism for
the efficient delivery of both Asp-tRNAAsn and Glu-tRNAGln from the two
misacylating enzymes to AdT. This mechanism is needed to guarantee the
stability of the aminoacyl ester linkages of the two misacylated tRNAs, while
minimizing their mis-delivery to the ribosome. Some organisms utilize the
ribonucleoprotein complex transamidosome, which traps the misacylated tRNAs
until they are converted to cognate aa-tRNAs by AdT (63,68). The
transamidosome safeguards the accuracy of the genetic code while increasing
the efficiency of the overall indirect aminoacylation process. Given the fact that
the H. pylori Asn- and Gln-transamidosomes are dynamic and unstable, this
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organism must employ an alternative mechanism to maintain translational
accuracy during indirect tRNA aminoacylation.
Chapter 2 describes the first characterization of a novel protein called
Hp0100 in H. pylori, which is required for the assembly of a stable, tRNAindependent Asn-transamidosome. Hp0100 enhances the capacity of AdT to
convert Asp-tRNAAsn into Asn-tRNAAsn but has minimal effects on ND-AspRS
function. The impact of Hp0100 on AdT’s capacity to convert Glu-tRNAGln into
Gln-tRNAGln and Gln-transamidosome assembly is also discussed in chapter 2.
Chapter 3 describes the characterization of the two distinct ATPase active sites
in Hp0100, which are activated by misacylated tRNAs. Overall, our results
highlight the importance of the novel ATPase Hp0100, for the indirect
biosynthesis of Asn-tRNAAsn and Gln-tRNAGln in H. pylori. Chapter 3 also includes
preliminary results supporting the hypothesis that Hp0100 contains a metalbinding domain.
Several appendices are included that describe results from side projects.
Appendix A describes the investigation of the requirement for a gatCA operon for
the expression/proper folding of the GatA subunit of H. pylori AdT. Appendix B
describes the site-directed mutagenesis of GatA and GatB subunits to
characterize the putative ammonia tunnel in AdT. Appendix C describes the
development of an HPLC ATPase assay to characterize the kinase activity of
AdT. Appendix D describes the cloning, expression and purification of Hp1259, a
protein of an unknown function from H. pylori.
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CHAPTER 2
A TRNA-INDEPENDENT MECHANISM FOR TRANSAMIDOSOME
ASSEMBLY PROMOTES AMINOACYL-TRNA TRANSAMIDATION IN
HELICOBACTOR PYLORI

Reproduced in part with permission from Silva, G. N., Fatma, S., Floyd, A. M.,
Fischer, F., Chuawong, P., Cruz, A. N., Simari, R. M., Joshi, N., Kern, D., and
Hendrickson, T. L. (2013) A tRNA-independent mechanism for transamidosome
assembly promotes aminoacyl-tRNA transamidation. J. Biol. Chem. 288, 38163822. Copyright 2013, American Chemical Society.

2.1 Introduction
Protein synthesis proceeds with high fidelity to ensure optimal survival.
This process requires a full set of aminoacyl-tRNAs (aa-tRNAs) that are
accurately aminoacylated so that the identity of the tRNA anticodon corresponds
to the amino acid attached to its acceptor stem. Many microorganisms are
missing one or more of the aminoacyl-tRNA synthetases (aaRSs), the enzymes
that typically aminoacylate each tRNA. The obligate human pathogen
Helicobacter pylori (H. pylori) does not have either glutaminyl- or asparaginyltRNA synthetase (GlnRS or AsnRS, respectively) (17,49). To compensate for
these missing aaRSs, H. pylori utilize an indirect pathway to produce Gln-tRNAGln
and Asn-tRNAAsn (24,31,32). The first step in the synthesis of Asn-tRNAAsn relies
on a bacterial-type, non-discriminating aspartyl-tRNA synthetase (ND-AspRS),
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which aminoacylates tRNAAsp to generate Asp-tRNAAsp and misacylates tRNAAsn
to produce Asp-tRNAAsn (5). Next, Asp-tRNAAsn is converted to Asn-tRNAAsn by a
heterotrimeric, glutamine-dependent amidotransferase called AdT (or GatCAB).
A similar pathway exists in H. pylori for Gln-tRNAGln synthesis, where misacylated
Glu-tRNAGln is produced by a tRNAGln-specific glutamyl-tRNA synthetase
(GluRS2) (4,17). The same AdT converts Glu-tRNAGln into Gln-tRNAGln.
H. pylori and other organisms that utilize indirect tRNA aminoacylation
must rely on mechanisms to prevent their misacylated tRNA intermediates from
entering the ribosome where they would cause errors in translation. Elongation
factor Tu (EF-Tu) provides one such mechanism (66,67,70). In Thermus
thermophilus (T. thermophilus), a thermophilic bacterium, formation of a stable
complex called the Asn-transamidosome also promotes accuracy. This
macromolecular complex requires tRNAAsn for assembly with AdT and AspRS2
(an archaeal-type ND-AspRS) (63,68). The Asn-transamidosome ensures the
stability of the aminoacyl ester bond of Asp-tRNAAsn, promotes its efficient
conversion to Asn-tRNAAsn, and isolates it from EF-Tu and the ribosome until it is
converted to Asn-tRNAAsn. The crystal structure of the T. thermophilus Asntransamidosome shows that it contains two tRNAs in scaffold positions and two
positioned to act as substrates for both ND-AspRS and AdT (63). First, the
substrate tRNA is misacylated by ND-AspRS to produce Asp-tRNAAsn. Next, the
acceptor arm of Asp-tRNAAsn is transferred into the active site of AdT for
transamidation.

Thus,

this

transamidosome

ribonucleoprotein complex, or tRNC.

is

a

tRNA-containing

50

Somewhat similarly, the thermophilic archaeon Methanothermobacter
thermoautotrophicus

(M.

thermoautotrophicus)

assembles

a

Gln-

transamidosome from ND-GluRS and GatDE. (GatDE is a heterodimeric
homolog of AdT that is specific for Gln-tRNAGln biosynthesis (82)). Assembly of
this Gln-transamidosome does not require tRNAGln but it is also less stable and
more dynamic than the T. thermophilus Asn-transamidosome. In this case, both
ND-GluRS and GatDE binds to the minor groove of tRNAGln. Such interactions
would prevent transfer of the acceptor arm of tRNAGln from the active site of NDGluRS to the transamidation site of AdT without substantial structural
rearrangements (in T. thermophilus, AdT and ND-AspRS bind to the opposite
sides of the substrate tRNAAsn, that enables the acceptor arm of tRNA to easily
transfer from the active site of ND-AspRS to the catalytic pocket of AdT)
(63,68,82).
Recently, pre-steady-state kinetic experiments and unsuccessful efforts to
isolate the M. thermoautotrophicus Gln-transamidosome argue that Glntransamidosome formation and substrate channeling are not essential or even
favorable, at least in archaea (81).
Unlike T. thermophilus and M. thermoautotrophicus, many bacteria,
including H. pylori, use the heterotrimeric AdT (GatCAB) to compensate for the
absence of both AsnRS and GlnRS; it is unknown if or how this dual specificity
impacts Asn- and/or Gln-transamidosome formation and function. Kern and
colleagues examined the formation of Asn- and Gln-transamidosomes from H.
pylori components (e. g. ND-AspRS, tRNAAsn and AdT or GluRS2, tRNAGln, and
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AdT, respectively). Stable assembly of a macromolecular transamidosome
complex was not observed in either case. However, quantitative steady state
kinetic analyses argued for transient, dynamic assembly of both transamidosome
particles (83,84). These analyses left open the intriguing possibility that an
additional mechanism to prevent translational errors remains undiscovered.
Here, we examined the hypothesis that H. pylori use other proteins or
enzymes to either facilitate transamidosome assembly or to stabilize and deliver
each aa-tRNA from the misacylating aaRS to AdT. A yeast two-hybrid (Y2H)
interaction profile of the H. pylori proteome (100) was used to identify a protein
of unknown function called Hp0100. Hp0100 was selected for further studies
based on its weak reported interactions with GatA (a subunit of AdT) and its
stronger interactions with ND-AspRS. We demonstrate that Hp0100 is a
component of a new, stable, tRNA-independent transamidosome enzyme
complex consisting of ND-AspRS, AdT, and Hp0100. The addition of Hp0100
significantly accelerates (~35 fold) the AdT-catalyzed rate of Asp-tRNAAsn
transamidation.
We also investigated the impact of Hp0100 on Gln-tRNAGln biosynthesis.
Our goal was to investigate whether Hp0100 provides a solution to explain how
AdT manages two different misacylated tRNA substrates. We observed an ~3fold acceleration in the rate of Gln-tRNAGln biosynthesis by AdT in the presence
of Hp0100. One possibility is that Hp0100 could be a delivery protein that
accepts Glu-tRNAGln from GluRS2 and delivers it AdT, negating a requirement
for a Gln-transamidosome. Another possible mechanism would be for Hp0100 to
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stabilize or promote formation of a Gln-transamidosome, as it does for the
formation of an Asn-transamidosome.
Consequently, Hp0100 may simplify the process of indirect tRNA
aminoacylation by bringing all enzymatic players into proximity. In fact, Hp0100
may increase the efficiency of the overall process by allowing AdT to efficiently
achieve its dual substrate specificity for its tRNA substrates, Asp-tRNAAsn and
Glu-tRNAGln.

2.2 Results

2.2.1 Published yeast two-hybrid results suggest biologically significant
interactions between AdT, ND-AspRS, and Hp0100, a protein of unknown
function.
In contrast to the stable, tRNA-dependent Asn-transamidosome from T.
thermophilus, an analogous H. pylori Asn-transamidosome could not be isolated
(84). We investigated the possibility that a protein of unknown function was
needed to promote assembly of a more stable complex. By mining published
results of a protein-protein interaction map of the H. pylori proteome, we
identified Hp0100 as a possible candidate because it showed Y2H interactions
with both AdT and ND-AspRS (see Figure 1.12 in chapter 1) (100), the two
enzymes in the T. thermophilus Asn-transamidosome. Hp0100 is a 368 amino
acid protein that is conserved throughout the ε-proteobacteria; many bacterial
genomes outside of this clade contain genes encoding for the N-terminal half of
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Hp0100. The primary sequence of Hp0100 is not related to any protein of known
function. However, sequence analyses suggest that its N-terminus contains an
ATP-binding motif that belongs to the adenine nucleotide alpha hydrolase
superfamily (AANH-like superfamily) (101).

2.2.2 E. coli D-AspRS is purified with His6-Hp0100
Building on the observation that Hp0100 interacts with both ND-AspRS
and AdT by Y2H, we hypothesized that this protein could be a component of a
novel bacterial-type transamidosome. We cloned the hp0100 gene and
expressed Hp0100 in E. coli with an N-terminal His6 tag. Nickel affinity
chromatography led to the purification of Hp0100 with a single co-purifying
contaminant that was approximately the same size as E. coli discriminating
aspartyl-tRNA synthetase (D-AspRS) (Figure 2.1A). Aminoacylation assays with
tRNAAsp confirmed that the mixture of Hp0100 and this protein contaminant
produced Asp-tRNAAsp, supporting our presumption that this contaminant is E.
coli D-AspRS (Figure 2.1B). These results offered the first in vivo and in vitro
evidence for a relevant non-covalent interaction between Hp0100 and AspRS (E.
coli does not have a full-length ortholog of Hp0100). Hp0100 was subsequently
purified by ion-exchange chromatography to >95% purity with complete removal
of the contaminating D-AspRS (Figure 2.1A) (32,83,84).
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Figure 2.1: Purification of His6-Hp0100 from E. coli resulted in the coco
purification of E. coli D-AspRS.
AspRS. A. SDS-PAGE gel showing D-AspRS
AspRS (~66 kD)
kD
(lane 2, top band), which was co
co-purified with Hp0100 by Ni-affinity
affinity purification.
The darker band is Hp0100 (~43 kD). Hp0100 was purified to homogeneity by
ion-exchange
exchange chromatography (lane 3) as described in Materials and methods;
this alternate method eliminates co
co-purification of E. coli D-AspRS.
AspRS. Numerical
values on the left indicate molecular weight markers in kD. B. Aminoacylation
assays demonstrate that the 66 kD co
co-purified
purified impurity aminoacylates tRNAAsp,
confirming its identity as E. coli D-AspRS (H. pylori ND-AspRS
AspRS and tRNAAsp (●,
10 nM); Hp0100, co-purified
purified E. coli D-AspRS, and tRNAAsp (▲,10 nM); Hp0100
and co-purified E. coli D-AspRS
AspRS ((♦, no tRNAAsp control)).
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2.2.3 Hp0100, AdT, and ND-AspRS assemble into binary and ternary
complexes in the absence of tRNAAsn.
H. pylori ND-AspRS, tRNAAsn, and AdT do not assemble into a stable T.
thermophilus-like Asn-transamidosome in gel-shift experiments ((84), also see
Figure 2.3 C, lane 5). Kern and colleagues recently showed that the H. pylori
Asn-transamidosome is dynamic and unstable (84). They proposed a kinetic
mechanism for translational fidelity, wherein Asp-tRNAAsn would not dissociate
from ND-AspRS prior to uptake by AdT (84). This mechanism was consistent
with the data available at that time but it was dissatisfyingly complex.
Alternatively, another unknown protein factor, like Hp0100, could induce
stable transamidosome assembly, offering additional protection above that
provided by a kinetic mechanism. In order to accurately assess the role of
Hp0100 in the absence of tRNA, all enzymes used in experiments herein were
pre-treated with RNAse A. Denaturing gel evaluations, in comparison to tRNA
standards, confirmed that each enzyme contained less than 0.1% tRNA
contamination (Figure 2.2). Evaluation of protein samples by aminoacylation
assays further confirmed the absence of at least tRNAAsn. To determine whether
or not Hp0100 participates in stable Asn-transamidosome formation, we first
sought to recapitulate the observed Y2H interactions between Hp0100 and AdT
and between Hp0100 and ND-AspRS. Native gel electrophoresis showed upward
shifts when Hp0100 was combined with ND-AspRS (Figure 2.3A) or with AdT
(Figure 2.3B), demonstrating that both of these indirect tRNA aminoacylation
components separately interact with Hp0100 as was suggested by Y2H. The
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extent of complex formation appears to be nearly complete in both cases. We
also used native gel electrophoresis to examine the contribution of Hp0100 to H.
pylori transamidosome assembly. The addition of Hp0
Hp0100
100 induces the formation
of a heterotrimeric complex containing ND
ND-AspRS,
AspRS, AdT, and Hp0100 (Figure
2.3C,
C, lanes 4 and 5). And, unlike the T. thermophilus transamidosome (63,68),
this complex requires Hp0100 instead of tRNAAsn (Figure 2.3C,
C, compare lanes 4
and 5).

Figure 2.2: Assessment of tRNA contamination in protein preparations. An
8% RNA gel (8% ccrylamide:
crylamide:bis 29:1, 7 M Urea) was run in Tris-borate
borate buffer (90
mM Tris base, 90 mM boric acid, 12 mM EDTA, pH 8.3) at 25 °C to verify that the
different protein samples we
were not significantly contaminated with E. coli tRNAs
after RNAse A treatment and purification. Lanes 1
1-3
3 were loaded with 5000
pmols of AdT, Hp0100 and ND
ND-AspRS, respectively. Lanes 5-9
9 were loaded with
increasing amounts of H. pylori tRNAAsn (5, 10, 25, 50, 100 pmols respectively).
These results provide
vide an upper limit for tRNAAsn contamination of 0.1% for any
given protein sample.
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AspRS and AdT assemble into an Hp0100-dependent
Figure 2.3: ND-AspRS
transamidosome that does not require tRNAAsn. The formation of different
complexes was evaluated by native gel electrophoresis and anti-His
His6 Western
blots (ND-AspRS,
AspRS, GatC, GatB and Hp0100 are all modified with His6 tags).
Upward shifting bands indicate the assembly of macromolecular complexes. As
indicated, ND-AspRS
AspRS (0.5 µM), AdT (0.5 µM), tRNAAsn (5 µM), and Hp0100 (2.5
µM) were combined prior to sample loading (40 µL samples). Asterisks highlight
the band shifts that demonstrate formation of relevant binary or ternary
complexes. A. Hp0100 forms a complex with ND
ND-AspRS
AspRS in the presence (lane 2)
and in the absence (lane 3) of tRNAAsn. B. Hp0100 assembles into a complex
with AdT in the absence (lane 3) and presence (lane 4) of tRNAAsn. C. Hp0100
forms a complex with AdT and ND
ND-AspRS
AspRS that is independent of tRNAAsn (lane
4).
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The native gels shown in Figure 2.3 demonstrate that stable, tRNAindependent complexes form between Hp0100 & AdT, Hp0100 & ND-AspRS,
and Hp0100, ND-AspRS & AdT. We also observed the dimeric and trimeric
complexes in solution using dynamic light scattering (DLS, Figure 2.4). Single,
predominant particles were observed for all three complexes (>90% of the total
peak volume after volume size distribution data processing).
By DLS, ND-AspRS alone had a hydrodynamic diameter of 9.7±0.2 nm.
This diameter increased to 11.5±0.3 nm upon the addition of equimolar Hp0100,
indicating binary complex formation. AdT alone had an observed hydrodynamic
diameter of 10.6±0.2 nm, which increased negligibly to 11.0±0.3 nm upon the
addition of Hp0100. It is unclear why this shift in particle size was statistically
insignificant. The particle diameters determined by DLS represent the diameters
of a perfect, hard sphere. It is possible that the Hp0100•AdT complex is more
tubular and, consequently, less amenable to characterization by DLS or,
assembly of this complex could result in compaction such that the observed
diameter is similar to AdT alone. (The solution dimer between Hp0100 and AdT
was further confirmed by surface plasmon resonance (Figure 2.5B), see below).
Finally, the ternary complex of Hp0100, ND-AspRS, and AdT showed a diameter
of 13.2±0.2 nm, a significant increase from the diameters of either dimeric
complex. These results were insufficient to determine complex stoichiometry but
they

do

confirm

that

Hp0100

promotes

the

formation

of

a

stable

transamidosome-like complex in solution. Hp0100 alone has a propensity to
aggregate (Figure 2.4A and size exclusion chromatography, not shown);

59

reproducible characterization of an Hp0100 particle was not possible. Attempts to
observe interactions between ND-AspRS and AdT (in the absence of Hp0100)
were unsuccessful (Figure 2.4A). These negative results were expected based
on the data from Figure 2.3 that show that ND-AspRS and AdT do not assemble
into a complex in the absence of Hp0100 and our previous efforts to isolate an H.
pylori Asn-transamidosome (84).
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Figure 2.4. DLS analysis of ND
ND-AspRS,
AspRS, AdT, Hp0100 and various binary and
ternary complexes. A. DLS traces showing particle size (in diameter.nm) of
individual, binary and ternary complexes plotted against the % volume. Black,
blue
lue and red color traces in each plot represent replicate DLS analyses of each
individual protein or complex. For binary and ternary complexes, equimolar
mixtures of each protein were incubated on ice for 15 min prior to analysis. (i).
AdT (20 µM). (ii). AdT+Hp0100
dT+Hp0100 (20 µM each). (iii). ND
ND-AspRS (60 µM). (iv). NDND
AspRS+Hp0100 (30 µM each). (v). AdT+ND
AdT+ND-AspRS+Hp0100
AspRS+Hp0100 (20 µM each). (vi).
AdT+ND-AspRS
AspRS (20 µM each). (vii). Hp0100 (30 µM). Our results highlights that
ND-AspRS
AspRS and AdT do not assemble in to a stable complex (viii). Hp0100 alone
has a propensity to aggregate
aggregate. Consequently
onsequently reproducible characterization of an
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Hp0100 particle by DLS was not possible. B. Representative bar graphs showing
the quantitative changes in particle size with different binary and ternary
combinations of Hp0100, AdT, and ND-AspRS, as indicated. Results are only
reported from spectra that showed a single, predominant particle. Error bars
represent standard deviation from triplicate measurements. Molecular weights
are given for each monomeric enzyme. The MW for AdT is based on one copy of
the heterotrimeric GatCAB enzyme. The MWs calculated for each complex were
also based on 1:1 stoichiometries. Exact stoichiometries are given when evident.
ND: Not determinable from these DLS results.

2.2.4 Hp0100 has low micromolar affinity for both ND-AspRS and AdT
Surface plasmon resonance (SPR, BIACORE 2000) was used to
quantitatively assess binary interactions between Hp0100 & ND-AspRS, Hp0100
& AdT, and Hp0100 & tRNAAsn (Figure 2.5). Both AdT and ND-AspRS separately
interact with Hp0100 with low micromolar Kd values (Figure 2.5A and B, 1.6±0.3
and 1.3±0.2 µM, respectively). These dissociation constants are indistinguishable
within error, consistent with assembly of a ternary complex. Weak interactions
between Hp0100 and tRNAAsn were also observed (Kd >10 µM, Figure 2.5C).
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Figure 2.5: Hp0100 binds to AdT and ND
ND-AspRS
AspRS with low micromolar
affinities. Hp0100 was immobilized on a CM5 sensor chip and increasing
concentrations of ND-AspRS
AspRS (0
(0-30 µM), AdT (0-20 µM) and tRNAAsn (0-10 µM)
were delivered separately to the chip as analyte. The equilibrium response units
were plotted against analyte concentration to obtain the dissociation constant
(Kd). When possible, SPR
PR sensograms were also fitted using a 1:1 Langmuir
binding model in the BIAevaluate software (v. 4.0.1). A. ND
ND-AspRS
AspRS interacts with
Hp0100 with a Kd value of 1.3±0.2 µM. B. AdT interacts with Hp0100 with a Kd
value of 1.6±0.3 µM. C. Interactions were obse
observed
rved between Hp0100 and
tRNAAsn but they did not approach saturation at concentrations up to 10 µM
defining 10 µM as a lower limit for Kd. Raw sensogram data is shown in the three
insets.
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2.2.5 Hp0100 does not affect ND-AspRS activity
Next, we evaluated the impact of Hp0100 on ND-AspRS activity in the
absence and presence of AdT. ND-AspRS aminoacylation assays were
performed in the presence of increasing concentrations of Hp0100 (0-4 µM)
without AdT; all substrates were at saturating concentrations so that the
observed rates approximate kcat. Initial rates of aminoacylation were examined
using both tRNAAsp and tRNAAsn to determine if any impact could be observed
and, if so, at what Hp0100 concentration this effect would reach saturation. Our
results showed that the addition of Hp0100 alone does not affect the ND-AspRScatalyzed initial rates of aminoacylation of either tRNA even at concentrations of
Hp0100 above Kd (Figure 2.6).
To evaluate the impact of the ternary complex on ND-AspRS activity,
Hp0100 and AdT were added to ND-AspRS at saturating concentrations (2 and
10 µM, respectively) and ND-AspRS activity was measured with tRNAAsn (Figure
2.7). Under these conditions, the addition of AdT and Hp0100 did not increase
the rate of tRNAAsn aminoacylation. In fact, the addition of AdT alone or with
Hp0100 caused slight drops in this rate, presumably because the excess AdT
competed for tRNAAsn.
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ncreasing concentrations of Hp0100 do not impact ND-AspRS
Figure 2.6: Increasing
activity (relative to ND-AspRS
AspRS alone). ND-AspRS-catalyzed
catalyzed aminoacylation of
tRNAAsp and tRNAAsn was measured in the presence of increasing concentrations
of Hp0100. Initial rates were normalized relative to the initial rate of ND-AspRS
ND
(no Hp0100). [ND-AspRS]
AspRS] = 0.2 µM; [tRNAAsp/Asn] = 10 µM; [Hp0100] = 0-4.0
0
µM.
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Figure 2.7. Impact of ternary complex on ND
ND-AspRS activity. Aminoacylation
assays were performed with tRNAAsn (10 µM) to evaluate the impact of the
ternary complex (AdT, Hp0100 and ND
ND-AspRS)
AspRS) on the initial aminoacylation
aminoac
rate
of ND-AspRS.
AspRS. Hp0100 and AdT were added to ND
ND-AspRS
AspRS (0.2 µM) at saturating
concentrations (2 and 10 µM, respectively). Error bars represent the standard
error of the mean from triplicate measurements.

2.2.6 Hp0100 increases the rate of AdT
AdT-catalyzed
catalyzed transamidation of AspAsp
tRNAAsn
We also quantitatively examined the impact of Hp0100 on the initial rate of
transamidation of Asp-tRNA
tRNAAsn by AdT (Figure 2.8). Results from representative
transamidation assays (Figu
(Figure
re 2.8A and B) show that Hp0100 accelerates the
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rate of conversion of Asp-tRNAAsn to Asn-tRNAAsn. This rate enhancement
reached saturation at approximately 400 nM Hp0100 (Figure 2.8C), with a ~35fold maximal increase in the rate of AdT catalysis. Because Hp0100 and AdT
form a stable complex at low micromolar concentrations (see Figure 2.8 4C), one
can hypothesize that these titration data reflect the uptake of Asp-tRNAAsn into
the Hp0100/AdT complex. Thus, these data allowed us to approximate a Kd of
~100 nM for Asp-tRNAAsn and the Hp0100/AdT complex. This value likely
represents an upper limit because competition for Asp-tRNAAsn from free Hp0100
cannot be excluded.

2.2.7 Hp0100 accelerates Gln-tRNAGln production by AdT
We also quantitatively examined the impact of Hp0100 on AdT’s capacity
to synthesize Gln-tRNAGln using the same P1 nuclease transamidation assay
(Figure 2.9A). Our results indicate that Hp0100 accelerates the rate of
conversion of Glu-tRNAGln to Gln-tRNAGln ~3-fold (Fig. 2.9B). This rate
acceleration was statistically significant but smaller than the ~35 fold increase
observed with Asp-tRNAAsn as the substrate.
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Figure 2.8: Hp0100 increases the efficiency of Asn
Asn-tRNAAsn production by
AdT. A. A representative phosphorimage of results from an AdT (10 nM)
transamidation reaction converting Asp
Asp-tRNAAsn (5 µM) into Asn-tRNA
tRNAAsn in the
absence (left) and presence (right) of Hp0100 (100 nM, sub
sub-saturating
saturating level of
Hp0100).

B.

Representative

steady
steady-state

initial

rates

of

AdT-mediated
AdT

transamidation of Asp-tRNA
tRNAAsn in the absence of Hp0100 (●,, 10 nM AdT) or the
presence of saturating amounts of Hp0100 (▲, 10 nM AdT, 500 nM Hp0100). C.
AdT-catalyzed
catalyzed transamidation of Asp
Asp-tRNAAsn in the presence of increasing
concentrations of Hp0100. [AdT] = 10 nM; [Asp
[Asp-tRNAAsn] = 5 µM; [Hp0100] = 2525
500 nM.
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Figure 2.9.. Hp0100 increases the efficiency of Gln
Gln-tRNAGln production by
AdT. A. A representative phosphorimage of a TLC plate from an AdT
transamidation assay.. Glu
Glu-tRNAGln (indicated by Glu-AMP) is converted into
Gln-tRNAGln (indicated by Gln
Gln-AMP)
AMP) in the absence (left) and presence (right) of
Hp0100. B. Initial rates of AdT
AdT-mediated transamidation of Glu-tRNA
tRNAGln in the
absence (●,, 1 nM AdT) or in the presence of Hp0100 (▲, 1 nM AdT and 3 µM
Hp0100).
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2.2.8 GluRS2 does not appear to interact with Hp0100
By dynamic light scattering, GluRS2 alone has a hydrodynamic diameter
of 6.3±0.3 d.nm (Figure 2.10A). A single predominant particle was observed for
GluRS2, that accounts for >90% of the total peak volume. The apparent mass
calculated for GluRS2 by DLS is ~50 kD consistent with its calculated molecular
weight of 53 kD. Next, we examined interactions between GluRS2 and Hp0100
in the presence of various concentrations of Hp0100 (2.5-10 µM). A single
predominant particle was not visible under these conditions. Instead, highly
variable multiple peaks representing non-specific aggregates were observed
(Figure 2.10B). These results demonstrate that Hp0100 and GluRS2 do not
readily assemble into a binary complex, at least under the conditions tested
here.
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Figure 2.10.. DLS analysis of GluRS2 and Hp0100. DLS traces showing
particle size (in diameter.nm) of A. GluRS2 alone and B. A mixture of GluRS2
and Hp0100, plotted against the % volume. Black, blue
lue and red color traces in
each plot represent replicate DLS analyses of each sample.. The final
concentration of GluRS2 alone in each analysis varies from 2.5
2.5-5
5 µM. For the
possible GluRS2-Hp0100
Hp0100 complex
complex, the GluRS2 concentration
oncentration was kept constant
(5 µM) and the Hp0100 concentration was varied from 2.5
2.5-10 µM (black,
lack, 2.5 µM,
blue, 5 µM and red, 10 µM Hp0100)

2.3 Discussion
The thermophilic bacterium T. thermophilus utilizes a tRNAAsn-dependent
Asn-transamidosome to sequester Asp
Asp-tRNAAsn and deliver it directly to AdT,
where it is converted to Asn
Asn-tRNAAsn. This transamidosome assembles from an
archaeal-type ND-AspRS,
AspRS, tRNAAsn, and AdT; two of the four tRNAs bound to this
complex are structural, making this complex a tR
tRNC (63).. Here, we demonstrate
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that the H. pylori Asn-transamidosome is not a tRNC, because the catalytically
competent complex assembles in the absence of tRNAAsn, relegating this tRNA to
the role of substrate only.
In looking at the H. pylori Asn-transamidosome, it is important to consider
the differences between the archaeal and bacterial-type ND-AspRS orthologs.
The T. thermophilus Asn-transamidosome contains an archaeal-type ND-AspRS;
H. pylori has a bacterial-type ND-AspRS with an extra insertion domain
positioned where it could interfere with Asn-transamidosome assembly, at least
based on the structure of the T. thermophilus transamidosome (54,84).
Consistently, our previous characterization of the putative H. pylori Asntransamidosome (prior to our discovery of Hp0100) revealed a dynamic complex
that could not be stably isolated (84). It is intriguing to consider that this unstable
association between ND-AspRS and AdT may be a result of the bacterial NDAspRS insertion domain causing steric interference.
Because H. pylori ND-AspRS, AdT, and tRNAAsn did not assemble into a
stable Asn-transamidosome, we originally proposed a kinetic model for
sequestration of Asp-tRNAAsn by ND-AspRS until delivery to AdT via transient
association (84). This model fit the data at hand and likely contributes to
translational accuracy to some extent. However, our discovery of Hp0100
enables revision and simplification of this model (Figure 2.11). By adding Hp0100
into a tRNA-independent Asn-transamidosome, it is clear that this complex exists
in two forms. The first, which we call the “apo-transamidosome,” contains NDAspRS, Hp0100, and AdT. The second, “holo-transamidosome,” arises upon

72

tRNAAsn binding; AdT activity is enhanced within this complex. The formation of
these complexes minimizes the need for a kinetic Asp-tRNAAsn retention
mechanism. Apo-transamidosome formation does not require tRNAAsn, further
distinguishing this complex from the T. thermophilus Asn-transamidosome.
Other tRNA aminoacylation systems offer precedence for the use of a
bridging protein in complex assembly. For example, in yeast, Arc1p enables the
assembly of a complex between Arc1p, GluRS and methionyl-tRNA synthetase
(MetRS) (107,108). And, in metazoa, at least nine aminoacyl-tRNA synthetases
are assembled into a multiaminoacyl-tRNA synthetase (MARS) complex with
three other proteins that are essential for MARS assembly (91,92). To date, we
have no evidence for formation of an Hp0100-driven MARS-like complex.
GluRS2 is the most likely candidate for assembly into this kind of
macromolecular

complex

because

it

produces

Glu-tRNAGln,

which

is

subsequently converted to Gln-tRNAGln by AdT. GluRS2 only weakly interacts
with AdT (Kd ~ 40 µM (83)) and it does not appear to interact with Hp0100 (Figure
2.10).
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Figure 2.11: The proposed catalytic cycle for indirect transamidation via an
H. pylori Asn-transamidosome that contains Hp0100. A cartoon schematic is
shown that is subdivided into five steps as follows: 1) AdT, ND-AspRS, and
Hp0100 assemble into an apo-transamidosome with low micromolar affinities; 2)
tRNAAsn is recruited to this complex to form a holo-transamidosome; 3) NDAspRS catalyzes the aspartylation of tRNAAsn to produce Asp-tRNAAsn; 4) AsptRNAAsn is converted to Asn-tRNAAsn by AdT with ~35-fold acceleration in kcat; 5)
Asn-tRNAAsn is released from the complex and the apo-transamidosome is
regenerated.
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Our discovery of the Hp0100-dependent Asn-transamidosome does not
explain how H. pylori manage simultaneous, faithful transamidation of both AsptRNAAsn and Glu-tRNAGln. However, Hp0100 had a statistically significant, but
smaller impact on AdT catalysis when Glu-tRNAGln was used as the substrate
(~3-fold rate increase for Glu-tRNAGln compared to Asp-tRNAAsn, which is ~35fold increase in AdT transamidation). The solution to how AdT achieves its dual
substrate specificity is likely to be one of several possibilities. The first possibility
is that Hp0100 could negate any requirement for dissociation of the Asntransamidosome for the transamidation of Glu-tRNAGln. The H. pylori Asntransamidosome may be a bifunctional complex that efficiently produces both
Gln-tRNAGln and Asn-tRNAAsn. The second possibility is that AdT could be
expressed at sufficiently high levels to enable Asn-transamidosome formation
with excess unbound AdT remaining available for Glu-tRNAGln transamidation.
The third possibility is that another unidentified protein partner might bring
GluRS2 into this Asn-transamidosome, making it a MARS-like complex that
contains ND-AspRS, GluRS2, and AdT. Echoes of this putative complex can be
found within the published Y2H protein-protein interaction map for H. pylori (100),
but experimental evidence to distinguish between these possibilities has
remained elusive.
Because full-length Hp0100 is unique to the ε-proteobacteria, its role in
transamidosome function and assembly is also likely to be limited to this bacterial
clade. This scenario presents two intriguing possibilities for future consideration.
First, one can imagine targeting assembly of the apo-transamidosome for the
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development of clade-specific antibiotics. Second, given that the ε-proteobacteria
and T. thermophilus use different mechanisms for Asn-transamidosome
assembly and function, it seems likely that other mechanisms for this critical
process remain undiscovered. This mechanistic divergence suggests the exciting
possibility that different branches of the tree of life elected divergent, unique
strategies for optimal indirect tRNA aminoacylation, sequestration of misacylated
tRNAs, and translational accuracy.

2.4 Materials and methods

2.4.1 Overexpression and purification of H. pylori ND-AspRS, GluRS2 and
AdT
H. pylori ND-AspRS, GluRS2 and AdT were overexpressed in E. coli and
purified as previously described (5,62). To avoid possible contamination by E.
coli tRNA, cell lysates were treated with ribonuclease A (RNAse A, 6.25 µg/mL)
(Affymetrix inc., USB brand) prior to affinity purification.

2.4.2 In vivo production and purification of H. pylori tRNAAsp, tRNAAsn and
tRNAGln
H. pylori tRNAAsp, tRNAAsn and tRNAGln were produced in vivo in E. coli
MV1184. They were purified and their concentrations were determined as
previously described (5,62). Each tRNA was diluted to a stock solution of 150 µM
prior to use.
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2.4.3 Cloning, overexpression, and purification of Hp0100
The hp0100 gene was amplified from H. pylori strain 26695 genomic DNA
(ATCC) and cloned into pQE-80L (Novagen) to encode the full-length protein
with an N-terminal six-histidine (His6) tag (pPTC034). E. coli DH5α calciumchloride competent cells were transformed with the plasmid pPTC034. Cultures
were grown, beginning with single colonies, at 37 °C in Luria-Bertani (LB)
medium. Protein expression was induced with IPTG (1 mM) when the
absorbance at 600 nm reached between 0.6 and 1.0. After 1 hr, cells were
harvested by centrifugation at 5,000 rpm for 5 min. Hp0100 was first purified
using Ni-NTA spin columns (Qiagen), as per the manufacturer’s instructions.
Purification of Hp0100 resulted in co-purification of a contaminant that was the
same approximate size as E. coli discriminating AspRS (D-AspRS) (Figure 2.1A).
The

identity

of

this

contaminant

as

D-AspRS

was

demonstrated

by

aminoacylation assays with tRNAAsp (Figure 2.1B).
To avoid E. coli D-AspRS contamination, Hp0100 was also separately
purified by ion-exchange chromatography instead of nickel affinity. Harvested
cells were homogenized in 3 mL lysis buffer (20 mM Na2PO4, 5 mM βmercaptoethanol,

6.25

µg/mL

RNase

A,

15

µL/mL

saturated

phenylmethylsulfonyl fluoride (PMSF), and lysozyme (1 mg/mL), pH 7.4) and
incubated on ice for 30 min. The lysate was then sonicated six times at 38% for
10 sec, six times on a Branson Digital Sonifier with 2 min recovery intervals on
ice between each pulse. Cell debris was removed by centrifugation at 14,000
rpm for 1 hour at 4 °C. The filtered lysate (1 mL) was loaded onto a UNO S ion-
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exchange column, (12 mL column volume, Bio-Rad). Hp0100 eluted at ~400 mM
NaCl. After ion-exchange purification, Hp0100 did not contain detectible levels of
contaminating E.coli D-AspRS or tRNA (Figure 2.1A and Figure 2.3). The
concentration of Hp0100 was determined by UV/Vis spectroscopy (280 nm),
using the extinction coefficient ε = 30620 M-1 cm-1, as determined by the ExPASy
Proteomics server (http://ca.expasy.org/tools/protparam.html) (109).

2.4.4 ND-AspRS aminoacylation assays
Aminoacylation assays were performed with tRNAAsp and tRNAAsn as
previously described (5). For titration experiments, each tRNA concentration was
10 µM and ND-AspRS was 0.2 µM. The concentration of Hp0100 was varied
from 0.2-4 µM as indicated.

2.4.5 Preparation of 32P-labeled Asp-tRNAAsn and Glu-tRNAGln
The CCA-adding enzyme was used to incorporate α-32P-labeled AMP into
the 3’-end of H. pylori tRNAAsp, tRNAAsn and tRNAGln by replacing the unlabeled
3’-AMP withα-32P-AMP (from α-32P-ATP, American Radiolabeled Chemicals) as
previously described (32,83,84). (The plasmid expressing the CCA-adding
enzyme was generously provided by Dr. Rebecca Alexander, Wake Forest
University.)
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2.4.6 P1 Nuclease AdT transamidation assay
Transamidation activity was measured, essentially as previously described
(32,110,111). The assay buffer contained

32

P-labeled Asp-tRNAAsn or Glu-

tRNAGln (5 µM, specific activity ~4.5 Ci/mmol), 50 mM HEPES-OH (pH 7.5), 4
mM ATP, 8 mM MgCl2, 25 mM KCl and 1 mM Gln, with 10 nM AdT. When
indicated, Hp0100 (purified by cation-exchange chromatography) was preincubated with AdT for 10 min at 4 °C at final conc entrations that ranged from
25–500 nM. Aliquots (5 µL) were quenched at each time point, digested with
P1nuclease, and processed as previously described (32,110,111). Reaction
progress was monitored by developing each time point on a 20 cm x 20 cm PEI –
cellulose TLC plate (EMD Millipore USA) in a freshly prepared 100 mL solution of
10 mM ammonium chloride, 5% glacial acetic acid. (For better resolution, TLC
plates were pre-treated with water for 15 min and then dried prior to use.) Plates
were phosphorimaged after ~16 hr screen exposure. Asn-tRNAAsn and GlntRNAGln productions were normalized against Asp-tRNAAsn and Glu-tRNAGln
respectively, to eliminate errors arising from differences in sample spotting. For
this reason, Asn-tRNAAsn and Gln-tRNAGln production is reported in percentage
relative to Asp-tRNAAsn Glu-tRNAGln respectively.

2.4.7 Electrophoretic mobility shift assays
Macromolecular complex formation between AdT, ND-AspRS, and
Hp0100 (purified by Ni-affinity) was examined by electrophoretic mobility shift
assay. AdT (0.5 µM), ND-AspRS (0.5 µM), Hp0100 (2.5 µM), and tRNAAsn (5 µM)
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were pre-incubated for 30 min at 4 °C in the indica ted combinations. Complexes
were examined on an 8% native polyacrylamide gel (330 × 430 × 1.5 mm3) in
Tris-glycine buffer, (25 mM Tris 200 mM glycine, pH 8.3). After electrophoresis (4
°C at 20 V for 16 hr), bands were visualized by Wes tern blot using an anti-His6
antibody (Anaspec), according to the manufacturer’s instructions. Hp0100 and
ND-AspRS both contain single, N-terminal His6 tags. However, His6-Hp0100 was
not detectible with anti-His6 antibodies under native gel conditions but it was
readily visualized by Western blot under denaturing conditions (not shown). For
AdT, both the GatC and GatB subunits contain His6 tags.

2.4.8 Dynamic light scattering
DLS analysis of ND-AspRS, AdT, GluRS2, Hp0100 (purified by cationexchange chromatography) and various binary and ternary complexes were
performed at 25°C in a Zetasizer NanoS instrument ( Malvern, UK). Protein
samples were diluted in buffer containing 50 mM NaH2PO4, 300 mM NaCl
(refractive index=1.34) to prepare the required concentrations; 40 µL samples
were used for each analysis. For the particles that are smaller than the
wavelength of incident light (λ), the intensity of light scattered (I) is related to the
diameter of the particle (d) by the Rayleigh equation (I∞d6/λ4). We used the Mie
theory within the instrument’s Nano software to convert the intensity (I) versus
size (d.nm) distribution data to volume versus size (d.nm) distribution. Mie theory
provides a more realistic view of the importance of the observed peak/s.
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2.4.9 Surface plasmon resonance
Surface plasmon resonance (SPR) was used to characterize the binary
interactions between Hp0100 and each of its possible binding partners (NDAspRS,

AdT,

and

tRNAAsn).

Hp0100

(purified

by

cation-exchange

chromatography) was immobilized on a CM5 sensor chip by amine-coupling
reaction and increasing concentrations of analyte (either protein or tRNA) were
delivered to the chip. Dissociation constants (Kd) for each pair of interactions
were determined either by fitting the SPR data directly to a Langmuir model using
BIAevaluate (v. 4.0.1) or by plotting the equilibrium response units versus analyte
concentration and fitting the resulting curve to the following equation: H•A =
[A0]•RMax/(Kd + [A0]) (using Kaleidagraph, v. 4.0). In this equation, H•A represents
the complex between Hp0100 (as H) and the analyte (as A) and is given in
equilibrium response units. [A0] is the initial concentration of the analyte in
solution. RMax represents the theoretical response units that would be observed
upon 100% complex formation.
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CHAPTER 3
HP0100 IS AN ATPASE THAT IS ACTIVATED BY MISACYLATED TRNAS

3.1 Introduction
Our in vitro characterization of Hp0100 (described in chapter 2) revealed
that Hp0100 is required for assembly of an H. pylori Asn-transamidosome.
Hp0100 also enhances AdT’s efficiency of transamidation with both Asp-tRNAAsn
and Glu-tRNAGln as substrates. The next step was to determine if Hp0100
optimized transamidation via complex assembly alone or if it directly participates
in a more active way. Our goal was to examine the function of Hp0100 building
on implications that arose from an analysis of its sequence. These analyses
suggested three putative motifs in Hp0100, two of which suggested a role for role
ATP-binding and hydrolysis and the third hinted at metal-binding. Here, we
present the results for the biochemical characterization of the two putative ATPbinding motifs and their significance for AdT’s efficiency of transamidation with
the two misacylated tRNAs. We also collected preliminary results examining the
putative metal-binding motif, showing its preference for divalent metal ions.
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3.2 Results

3.2.1 Hp0100 has a putative ATP-binding motif
We analyzed the primary sequence of Hp0100 using the NCBI (National
Center for Biotechnology Information) conserved domain search (101). The Nterminal domain of Hp0100 shares sequence similarity with the adenine
nucleotide alpha hydrolase-like (AANH-like) ATP-binding motif superfamily
(Figure 3.1A) (101). This motif forms an alpha-beta-alpha fold that typically binds
to ATP and catalyzes the hydrolysis of the alpha-beta phosphoester bond,
generating AMP and inorganic pyrophosphate (101,112). Enzymes that contain
AANH domains include GMP

synthetase,

argininosuccinate synthetase,

asparagine synthetase, and ATP sulfurylase (113). Here we investigated whether
Hp0100 binds and hydrolyzes ATP and if this activity is required for the observed
transamidation

rate

enhancements

for

both

aminoacyl-tRNA

substrates

(described in chapter 2).
A model of the tertiary structure of Hp0100 was generated using the
Robetta software as previously described (114). The model was returned with
high confidence and predicts that Hp0100 has an α/β-like fold with two
intertwined domains (Figure 3.1B). Interestingly, this model was built from a
structure of argininosuccinate synthetase, an AANH-containing enzyme.
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Figure 3.1: Hp0100 contains two putative ATP-binding motifs. A. Sequence
analysess suggest that Hp0100 contains an AANH
AANH-like
like domain (cyan, residues 11
75, 17% sequence identity with conserved domain cd01986). Hp0100 also
contains a conserved P-loop
loop ATP-binding motif (blue, residues 76-84).
76
B. A
Rosetta model of Hp0100 colored as in A (114).

3.2.2 TLC (thin layer chromatography) confirms the ATPase activity of
Hp0100
Given that most AANH domains hydrolyze the alpha-beta phosphate ester
bond in ATP, we
e set out to determine whether Hp0100 produces AMP from ATP.
TLC was performed on products from an Hp0100 assay that contained α-32PATP. Surprisingly, we
e observed significant production of ADP
ADP, but not AMP, by
Hp0100 in the presence of either Asp-tRNAAsn or Glu-tRNAGln. We also observed
a very faint AMP spot that was deemed negligible compared to the amount of
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ADP produced (Figure 3..2). The retention times (Rf) for ATP, ADP and AMP
were calculated using a control TLC plate and are as follows: 0, 0.11 and 0.61
respectively. These values matched those obtained from the radioactive assay
(0, 0.1 and 0.6, respectively).

Figure 3.2: Representative TLC showing the hydrolysis products of ATP
generated by Hp0100. Hp0100 catalyzes hydrolysis of the γ-phosphate
phosphate ester
bond of α-32P-ATP,
ATP, producing α-32P-ADP in the presence of Asp-tRNA
tRNAAsn (lane 3)
and Glu-tRNAGln (lane 4). Lane 1: α-32P-AMP (generated by the P1 nuclease
assay as described in chapter
hapter 2
2, section 2.4.6). Lane 2: no enzyme assay
control. Lane 5: control assay performed by replacing Hp0100 with AdT, which is
known to produce ADP ((62). The percentages of ADP and AMP produced in
each reaction are indicated in the table below.
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3.2.3 Asp-tRNAAsn/Glu-tRNAGln activated ATPase activity of Hp0100
Next, we investigated the conversion of ATP to ADP by Hp0100 using a
coupled enzyme assay. This assay specifically monitors the hydrolysis of the
beta-gamma bond of ATP by quantifying the amount of ADP produced over time.
Assay results confirmed that Hp0100 is an ATPase (Figure 3.3 B). ATPase
activity was significantly accelerated (~3 fold) with the addition of Asp-tRNAAsn
(Figure 3.3 B and C). The addition of ND-AspRS caused a further enhancement
(~2 fold) in the rate of Asp-tRNAAsn induced ATP hydrolysis (Figure 3.3C).
Similarly, we examined the impact of Glu-tRNAGln on ATP hydrolysis: the
rate of ATPase activity was accelerated by ~2 fold, but neither the addition of
GluRS2 nor ND-AspRS had any additional impact on this activity (Figure 3.3 B
and C).
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Figure 3.3: Coupled enzyme assay to monitor the ATPase activity of
Hp0100. A. Cartoon schematic of the coupled ATPase assay. ADP, the
hydrolysis product, is detected and quantified by a series of coupled enzymatic
reactions resulting in the oxidation of NADH to NAD+. The decrease in NADH
over time is proportional to the amount of ADP generated, and is monitored by
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the decrease in UV absorbance at 340 nm. B. Hp0100 (200 nM) exhibits
significant ATPase activity with Asp-tRNAAsn (□) and Glu-tRNAGln (●) (10 µM) in
comparison to Hp0100 alone ()ּס. C. Representative bar graphs showing the
relative ATPase activity of Hp0100 in the presence of various factors. Addition of
ND-AspRS (200 nM) significantly increases Asp-tRNAAsn catalyzed ATPase
activity while addition of GluRS2/ND-AspRS (200 nM) had minimal effect on GlutRNAGln dependent ATPase activity.

3.2.4 The Hp0100 AANH domain catalyzes ATP hydrolysis in the presence
of Glu-tRNAGln
To identify the site of ATP-binding, three mutations were constructed in
the AANH domain and tested for ATPase activity (Asp10Ala, Tyr32Ala and
Lys120Ala) with both Asp-tRNAAsn and Glu-tRNAGln. We were intrigued by the
results obtained with the AANH mutants: two of the mutations only disrupted the
Glu-tRNAGln induced ATPase activity; the Asp-tRNAAsn activity was less affected.
The Tyr32Ala and Asp10Ala mutants showed reduced ATPase activity with AsptRNAAsn (~50% decrease), whereas ATPase activity was nearly eliminated with
Glu-tRNAGln (Figure 3.4). The Lys120Ala mutation did not impact the WT ATPase
activity with either misacylated tRNA (Appendix E).
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P-loop motifs differentially diminish
Figure 3.4: Mutations in the AANH and P
the misacylated-tRNA-dependent
dependent activation of Hp0100’s ATPase activity.
activity
Mutations in the putative N
N-terminal AANH-like
like domain (D10A and Y32A) ablate
the Glu-tRNAGln induced ATPase activity
activity, while only reducing the effect of AspAsp
tRNAAsn by ~50%.. In contrast, mutations in the putative P-Loop
Loop (K83A and S84A)
disrupted the Asp-tRNAAsn-dependent ATPase activity reducing the effect of GlutRNAGln by ~50%.
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3.2.5 Hp0100 has a 2nd putative ATP-binding motif
The specificity of the AANH motif to Glu-tRNAGln was only puzzling until
we identified a second ATPase motif in Hp0100. Based on the tertiary model of
Hp0100, this motif is mutually exclusive of the AANH domain (Figure 3.1B). The
2nd site shares similarity with the P-loop nucleotide binding motif, a domain that is
commonly involved in ATP-binding and hydrolysis (113). This domain is
predominantly found in type I and II amidotransferases, and nitrilase/amidases.
P-loop ATPases and the catalytic ATP-binding motif are common to all of class I
tRNA synthetases. These different P-loop domains all evolved from a common
ancestral domain called the HUP domain (113), which has a Rossmann fold
configuration and is functionality diverse due to structural variations (115). The
core of this domain is defined by a set of secondary structural elements that are
present in all the members of the HUP superfamily (this core consists of a set of
parallel β-sheets, in a 5-4-1-2-3 configuration, surrounded by two α-helices on
each side) (115).

3.2.6 The Hp0100 P-loop catalyzes ATP hydrolysis in the presence of AsptRNAAsn
As discussed above, Hp0100 also contains a P-loop signature sequence
in addition to the AANH domain. P-loops typically contain the signature sequence
GXXXXGK[S/T], which is involved in positioning the triphosphate moiety of ATP
for hydrolysis. Furthermore, a downstream aspartate is essential because it binds
a water-bridged Mg2+ ion (113). The P-loop of Hp0100 contains the highly
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conserved sequence GKELLGEKS (red letters indicates conserved P-loop
signature residues). To investigate whether this P-loop motif contributes to
Hp0100’s ATPase activity, the terminal K and S residues were mutated to
alanine (Lys83Ala and Ser84Ala) and assayed for ATPase activity with both
misacylated tRNAs (Figure 3.4). Both of these mutations impacted the ATPase
activity most dramatically with Asp-tRNAAsn, compared to Glu-tRNAGln (AsptRNAAsn dependent ATPase activity was nearly eliminated while Glu-tRNAGln
dependent activity was only reduced to ~50%). These observations are opposite
to those found with mutations in the AANH domain and strongly suggest that
Hp0100 has two ATPase active sites.

3.2.7 The ATPase activity of Hp0100 is required for Hp0100’s observed
acceleration of AdT transamidation
In chapter 2, we described the requirement of Hp0100 for assembly of an
H. pylori Asn-transamidosome (116). Hp0100 also enhances AdT’s efficiency of
transamidation with both Asp-tRNAAsn and Glu-tRNAGln as substrates. Here we
examined whether Hp0100 optimizes AdT transamidation via complex assembly
alone or if its ATPase activity contributes to the AdT transamidation rate
enhancement. Our ATPase assay results for AANH and P-loop mutants of
Hp0100 revealed that there are probably two mutually exclusive ATPase motifs
in Hp0100 that are separately activated by Asp-tRNAAsn and Glu-tRNAGln. The
AANH and P-loop mutants that were deficient in ATPase activity were used to
elucidate the roles of the two ATP-binding motifs in AdT function.
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Our ATPase assay results showed that AANH motif manifests specificity
for the substrate Glu-tRNAGln and the P-loop motif manifests specificity for AsptRNAAsn. We set out to examine whether the AANH mutations selectively impact
the Hp0100 induced AdT transamidation observed for Glu-tRNAGln. As expected,
the D10A mutation in the AANH domain caused ~70% decrease in the
transamidation efficiency of Glu-tRNAGln only (Figure 3.5B). In contrast, when
Asp-tRNAAsn as the substrate, the D10A mutation was well tolerated, causing
only an ~20% decrease (Figure 3.5A).
Similarly, we examined whether the P-loop mutations selectively impact
the transamidation efficiency of Asp-tRNAAsn. Transamidation assays performed
with the P-loop mutant K83A revealed a substantial impact on AdT
transamidation efficiency (~70% decrease), for both Asp-tRNAAsn and GlutRNAGln (Figure 3.6A).
Our results highlight the importance of the ATPase activities of Hp0100 for
the observed AdT transamidation rate enhancements. The AANH domain
manifested specificity for Glu-tRNAGln in ATPase assays as well as in
transamidation assays. In contrast, the K83A mutation in P-loop motif exhibits
specificity for Asp-tRNAAsn in ATPase assays, while showing a dramatic effect on
transamidation of both misacylated tRNAs.
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Figure 3.5: Mutations in the AANH and P-loop motifs in Hp0100 diminish
the enhancement of AdT’s efficiency of transamidation with both AsptRNAAsn and Glu-tRNAGln. A. Transamidation assays performed with AsptRNAAsn. A mutation in the P-loop domain (K83A) of Hp0100 caused ~70%
decrease in the rate of transamidation of Asp-tRNAAsn by AdT. In contrast, a
mutation in the AANH-like domain (D10A) had a more subtle effect (~20%
decrease). B. Transamidation assays performed with Glu-tRNAGln. Single
mutations in either the AANH or P-loop domains (D10A or K83A respectively) of
Hp0100 resulted in ~70% decrease in the rate of transamidation of Glu-tRNAGln
by AdT.
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3.2.8 Hp0100 contains a putative metal-binding motif
Metal homeostasis is an essential part of H. pylori’s adaptation to its
gastric environment. Heavy metal homeostasis (e. g. iron, copper, and nickel) is
crucial for the establishment of H. pylori pathogenesis in animal models (117). H.
pylori use several mechanisms to import, store and remove metal ions. For
example, the CznABC metal efflux pump regulates cadmium, zinc and nickel
concentrations by coupling ATP hydrolysis to efflux of these metal ions (118).
Many bacteria, including E. coli, utilize membrane bound P1-type ATPase
efflux pumps to maintain di- and mono-valent metal ion concentrations. This
enzyme contains a cytoplasmic CXXC metal-binding motif. The conserved Cys
residues are involved in coordination of Cu(I) and of Zn(II). In certain bacteria,
the specificity of the CXXC motif for different metal ions is determined by the
presence of an acidic residue in the vicinity of the motif. For example, the
cytoplasmic domain of ZnA in E. coli contains a conserved DCXXC motif that
specifies Zn(II) binding (119,120).
Sequence analysis of Hp0100 suggested a possible metal-binding motif
with the conserved sequence of CFECFD (red letters indicates conserved
residues in the putative metal-binding motif). We hypothesized that the two Cys
residues may participate in metal-binding while the downstream Asp could help
define the metal ion specificity (118,121). By examining the tertiary model of
Hp0100, we identified several other conserved Cys residues localized in
proximity to the CXXC motif (at least in the model) and may also contribute to
metal ion binding (Figure. 3.6). In addition, in certain ε-proteobacteria (e. g. C.
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jejuni), hp0100 is in an operon with ferritin, further supporting the hypothesis that
Hp0100 might be a metal-binding
binding protein.

Figure 3.6:: Rosetta model of Hp0100 highlighting the putative metalbinding motif. Yellow: conserved Cys residues in the CXXC motif. Red:
conserved Cys residues arranged proximal to the CXXC motif. One or several of
these residues may participate in coordinating the metal ion. Blue: P-loop
P
ATPbinding motif. The rectangle shows a close up
p of the conserved Cys residues and
the P-loop.

3.2.9 Hp0100 preferentially binds divalent metal ions
We examined UV spectra of several metal ions in the presence versus absence
of Hp0100. We observed a significant change in the absorbance spectra of
divalent metal ions Fe(II), Zn(II) and Ni(II) with the addition
ition of Hp0100 (Figure
3.7A,
A, C, D). In contrast, the absorption spectra of Fe(III) with Hp0100 essentially
overlapped with that of Fe(II
Fe(III) alone (Figure 3.7B).
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Figure 3.7: UV-visible spectra of metal ions in the presence and absence of
Hp0100. Each reaction contained 0.5 mM metal ion ± Hp0100 (20 µM) in 100
mM Hepes (pH 7.4). A. FeCl2. B. FeCl3. C. ZnCl2. D. NiSO4. Red: Hp0100 alone;
Blue: Metal ion alone; Black: Metal ion with Hp0100.

Our results suggest that Hp0100 preferentially binds Fe(II) but not Fe(III).
In addition, UV-visible absorption spectra of Hp0100 protein alone showed
spectral features similar to Fe-S cluster proteins (data not shown) (122). To gain
insight into Hp0100’s specificity towards Fe(II), various concentrations of Fe(II)
were titrated into a solution of Hp0100 and the absorption spectra were recorded
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(Figure 3.8B). This experiment was performed under reducing conditions (0.5
mM 2-mercaptoethanol) that should reduce any disulfide linkages in Hp0100.
Reducing conditions often facilitate metal ion binding by making the thiol groups
of conserved Cys residues available for metal ion coordination.
The absorption spectrum of Fe(II) with Hp0100 is significantly different
with that of Fe(II) alone (Figure 3.8). Fe(II) solutions absorb light in the range of
500-600 nm (http://www.docbrown.info/page07/transition06Fe.htm); the addition
of Hp0100 significantly diminishes the magnitude of these peaks in a
concentration-dependent manner (blue arrows, Figure 3.8). One possible
explanation could be that Hp0100 chelates free Fe(II) by forming an Hp0100Fe(II) complex, reducing the absorption by free Fe(II). In addition, we observe a
gradual increase in the absorption by Fe(II), within the range of 300-350 nm upon
the addition of Hp0100 (red arrows, Figure 3.8).

97

Figure 3.8: Titration of various concentrations of Fe(II) into Hp0100. A.
Single UV absorbance spectra of various concentrations of Fe(II) (5-100 µM) in
100 mM Hepes (pH 7.4). B. The same Fe(II) solutions in the presence of Hp0100
(20 µM). Red arrows indicate the observed changes in absorbance within the
range of 300-350 nm. Blue arrows indicate within the range of 500-600 nm.
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3.3 Discussion
We have discovered that Hp0100 is an ATPase, which hydrolyzes the γphosphate ester bond of ATP and generates ADP specifically in the presence of
Asp-tRNAAsn or Glu-tRNAGln. Asp-tRNAAsn-dependent ATP hydrolysis is further
increased by ~2 fold in the presence of ND-AspRS. However, ND-AspRS had
little impact on Glu-tRNAGln dependent ATPase activity; neither did the addition of
GluRS2. Mutagenesis studies support the hypothesis that Hp0100 has two
distinct ATPase active sites, with one activated by each misacylated-tRNA.
Mutations in the AANH domain only disrupted the Glu-tRNAGln induced ATPase
activity; the Asp-tRNAAsn activity was less affected (~50% decrease). This
dramatic effect on the Glu-tRNAGln dependent ATPase activity suggests that the
AANH motif manifests specificity for the substrate Glu-tRNAGln. In contrast, we
observed the opposite effect for P-loop mutants. P-loop mutants manifest
specificity for Asp-tRNAAsn by disrupting Asp-tRNAAsn induced ATPase activity;
while only partially reducing the Glu-tRNAGln catalyzed ATPase activity (~50%
decrease).
The observed ~50% decrease in the ATPase activity of mutants for the
second tRNA cofactor (Asp-tRNAAsn for AANH and Glu-tRNAGln for P-loop) could
be an effect of inter-domain communication. The mutations in the AANH domain
may impact the catalytic efficiency of the P-loop and vice versa, that accounts for
the ~50% decrease in ATPase activity.
In Chapter 2, we described the requirement of Hp0100 for H. pylori Asntransamidosome assembly and rate acceleration of transamidation with both

99

Asp-tRNAAsn and Glu-tRNAGln (116). Here, we investigated whether Hp0100
optimizes AdT transamidation via complex assembly alone or its ATPase activity
is required for the AdT transamidation rate enhancement.
We have examined whether the AANH and P-loop mutants that are
defective in ATPase activity impact the corresponding acceleration in the rate of
AdT transamidation. The mutants with diminished ATPase activity were used to
investigate whether the ATPase activity of Hp0100 is required for AdT
transamidation rate enhancement. Strikingly, the D10A mutation in the AANH-like
domain showed a dramatic impact on AdT transamidation assays performed with
Glu-tRNAGln (~70% decrease compared to WT enzyme). In contrast, this D10A
Hp0100 mutant had a milder effect when Asp-tRNAAsn was used as the substrate
(~20% decrease compared to the effect of WT Hp0100). These results further
support the hypothesis that Hp0100’s AANH domain is specific for Glu-tRNAGln
and that ATP hydrolysis within this motif drives the rate enhancement observed
for AdT with this misacylated tRNA.
A somewhat complementary story can be told with Hp0100’s P-loop
domain and Asp-tRNAAsn. Transamidation assays performed with the P-loop
mutant K83A revealed a requirement for P-loop ATPase activity for
transamidation of either misacylated tRNAs. We observed ~70% decrease with
either Glu-tRNAGln or Asp-tRNAAsn. Our results suggest that the two domains
communicate with each other and the K83 residue more actively participate in
transamidation of both misacylated tRNAs, Glu-tRNAGln or Asp-tRNAAsn. In
future, transamidation assays need to be performed with other P-loop mutants to
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establish the role of P-loop on Glu-tRNAGln and Asp-tRNAAsn transamidation rate
enhancement by Hp0100.
Sequence analyses and our initial metal-binding studies suggest that
Hp0100 contains a possible metal-binding motif that preferentially binds divalent
metal ions. Strikingly, this motif is in close proximity to the P-loop ATP-binding
motif of Hp0100, suggesting a relationship between metal-binding and ATP
hydrolysis. Although we don’t yet have a hypothesis for the role of this metalbinding site, our long-term goal is to investigate whether the metal ion/s have an
impact on the ATPase activity of Hp0100.

3.4 Materials and methods

3.4.1 Enzyme coupled ATPase assay to characterize the ATPase activity of
Hp0100
ATPase activity was monitored using a simple spectrophotometric enzyme
coupled assay (62,123,124). The assay was performed at room temperature in a
buffer containing 20 mM HEPES-KOH (pH 7.5), 5 mM MgCl2, 0.1 mM DTT, 2 mM
phosphoenolpyruvate (PEP), 2 mM ATP, 20 units/mL pyruvate kinase (PK), 20
units/mL L-lactate dehydrogenase (LDH) and sufficient NADH to give an
absorbance of 0.3 to 0.4 at 340 nm (approximately 50-70 µM, based on
standards of known concentration). The reaction was initiated by adding Hp0100
to a final concentration of 200 nM (Since MonoS purified Hp0100 did not show
misacylated-tRNA dependent ATPase activity, we used Ni-affinity purified
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Hp0100 for all the ATPase assays). The reaction progress was monitored using
a Beckman DU800 spectrometer set to measure absorbance at 340 nm over
time. ATPase activity was monitored separately with each aminoacylated tRNA
(Asp-tRNAAsn or Glu-tRNAGln, 10 µM) and free tRNA (tRNAAsn or tRNAGln, 10 µM).
Asp or Glu (1 mM) was added as indicated. AspRS and GluRS2 were separately
incubated with Hp0100 on ice for 30 min, when indicated, and a final
concentration of 200 nM was used for each aaRS (Fig. 3.2A).

3.4.2 Thin layer chromatography
TLC was performed to identify the Hp0100 catalyzed hydrolysis product/s
of ATP. First, an ATPase assay was performed with MonoS purified Hp0100 (1
µM) ± Asp-tRNAAsn or Glu-tRNAGln (10 µM each) in buffer containing α-32P-ATP
(20 µCi), 2 mM ATP, 20 mM HEPES-KOH (pH 7.5), 5 mM MgCl2, 0.1 mM DTT,
for 15 min at 37 °C. A 5 µL aliquot was taken from the reaction mixture and
quenched in 3 M sodium acetate (5 µL) (pH 5). Then, 2 µL of the quenched
reaction mixture were spotted on a TLC plate (EMD Millipore USA). A positive
control was performed by replacing Hp0100 with 1 µM AdT and 10 µM GlutRNAGln as a substrate. α-32P-AMP (generated by P1 nuclease assay as
described in chapter 2) was also spotted for comparison. The TLC plate was
developed in a freshly prepared solution of ammonium chloride (100 mM), 5%
glacial acetic acid and water. The plates were phosphorimaged after 16 hours
exposure. A control TLC without radioactivity was also performed by spotting 2
µL of ATP (1 mM), ADP (1 mM) and AMP (1 mM). The developed plate was
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visualized by UV and the retention factors (Rf) were calculated for each
component (data not shown).

3.4.3 Site directed mutagenesis
Point mutations in hp0100 (encoded in the plasmid pPTC034) were
constructed by two primer PCR mutagenesis (Quikchange) according to the
instructions provided by Stratagene (La Jolla, CA). The entire gene for each
mutant was sequenced at the Applied Genomics Technology Center, Wayne
State University, prior to use. Table 3.1 summarizes the oligonucleotide
sequences utilized for mutagenesis and the list of constructed plasmids.

3.4.4 Preparation of

32

P-labeled Asp-tRNAAsn and Glu-tRNAGln and the P1

nuclease AdT transamidation assay
Transfer RNAs (tRNAAsn and tRNAGln) were

32

P-labeled and the

transamidation assays were performed as described in chapter 2. MonoS purified
Hp0100 was used for all the transamidation assays.
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Table 3.1: H. pylori Hp0100 mutagenesis oligonucleotide sequences and
plasmid names (site of mutagenesis is indicated in red letters)
Hp0100

Mutation

D10A
AANH

Y32A
K120A
K83A

P-loop
S84A

Primer

Primer Sequence

GSF27

CTCATTCATATTTGCTGCTCAGTGGCTAACCTCTATTTTTTAAAAAAGG

GSR27

CCTTTTTTAAAAAATAGAGGTTAGCCACTGAGCAGCAAATATGAATGAG

GSF32

GAAAAAATTGTAGGGTTTTTTGCTAACCCCAATATCCACCCTTATAGCG

GSR32

CGCTATAAGGGTGGATATTGGGGTTAGCAAAAAACCCTACAATTTTTTC

GSF29

CCTTACTCACAAGCCCTAAAGCAGACCCTAACCAGCTCATCGC

GSR29

GCGATGAGCTGGTTAGGGTCTGCTTTAGGGCTTGTGAGTAAGG

GSF39

GGGTAAGGAATTGTTAGGGGAAGCAAGCGAACGCTGTTTTGAGTG

GSR39

CACTCAAAACAGCGTTCGCTTGCTTCCCCTAACAATTCCTTACCC

GSF41

GGAATTGTTAGGGGAAAAAGCCGAACGCTGTTTTGAGTGCTTTG

GSR41

CAAAGCACTCAAAACAGCGTTCGGCTTTTTCCCCTAACAATTCC

Plasmid

pGS018
pGS022
pGS019
pGS023
pGS024

3.4.5 UV absorbance spectroscopy
Several 2 mM di- and tri-valent metal ion solutions (FeCl2, FeCl3, NiSO4
and ZnCl2,) were freshly prepared in de-gassed water prior to each experiment.
Hp0100 was purified to homogeneity using cation-exchange chromatography,
as previously described (116). Absorbance spectra were recorded from 250-700
nm for each metal ion solution (0.5 mM metal ion in 100 mM Hepes buffer (pH
7.4)) using a Beckman DU800 spectrophotometer in the presence versus
absence of Hp0100 (20 µM). The spectra were recorded immediately after
mixing all the components to limit oxidation of the metal ions or cysteine side
chains.
Titration experiments with Hp0100 (20 µM) were performed under
reducing conditions (0.5 mM 2-mercaptoethanol) by varying the Fe(II)
concentration from 0-100 µM (Fig. 5.3 B). Control experiments were performed
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with various concentrations of Fe(II) alone (0-100 µM) (Fig. 5.3 A) and with BSA
(20 µM) instead of Hp0100 under reducing conditions.

3.4.6 Purification of Hp0100 by Ni-affinity
Hp0100 and its mutants were purified by Ni-NTA spin columns (Qiagen)
as per the manufacturer’s instructions. Hp0100 was eluted and exchanged with
exchanging buffer (50 mM NaH2PO4 (pH 7.4), 300 mM NaCl), and concentrated
using a Amicon® Ultra-4 spin column (30 K). First round of purification resulted
some impurities and required a re-purification (using Ni-NTA spin columns) in
order to obtain protein samples with a high purity (~95% pure). Concentration of
the samples was measured as described in Chapter 2.
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CHAPTER 4
CONCLUSIONS AND FUTURE DIRECTIONS

4.1 Introduction
The work presented in this dissertation focuses on the indirect pathway of
aminoacylation used to produce Gln-tRNAGln and Asn-tRNAAsn in H. pylori. In this
organism, Gln-tRNAGln biosynthesis begins with glutamylation of tRNAGln, a
reaction catalyzed by GluRS2, to produce Glu-tRNAGln. This intermediate is
subsequently converted to Gln-tRNAGln by the amidotransferase, AdT. AsntRNAAsn is produced via an analogous process, relying on a misacylating NDAspRS to produce Asp-tRNAAsn, which is also a substrate for AdT (31,32,125).
EF-Tu does not bind either Glu-tRNAGln or Asp-tRNAAsn at measurable
levels: overexpression of misacylating aaRSs and the naturally high in vivo levels
of EF-Tu (~170 µM) challenge the discriminating capacity of this translation factor
(70,74). In order to safeguard the genetic code, bacteria (including H. pylori) that
rely on indirect aminoacylation pathways require one or more additional
mechanisms to efficiently deliver Asp-tRNAAsn and Glu-tRNAGln to AdT for
conversion to Asn-tRNAAsn and Gln-tRNAGln. A delivery mechanism connecting
the two misacylating aaRSs to AdT would presumably ensure the stability of the
aminoacyl ester bonds in the misacylated tRNAs while preventing translational
errors by sequestering these intermediates from EF-Tu.
One solution to this challenge has been elucidated for the thermophilic
bacterium T. thermophilus. This bacterium utilizes a stable, tRNA-dependent,
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macromolecular complex called the Asn-transamidosome composed of AdT,
tRNAAsn, and AspRS2 (an archaeal-type ND-AspRS). This Asn-transamidosome
traps misacylated Asp-tRNAAsn until it is converted to Asn-tRNAAsn, ensuring the
stability of the aminoacyl ester bond while limiting translational errors (63,68). In
contrast to T. thermophilus, the H. pylori Asn-transamidosome was not stably
isolated in vitro, suggesting a necessity for an alternative mechanism to facilitate
stable assembly of the complex (84). We examined the possibility that H. pylori
use other proteins to facilitate transamidosome assembly.
A yeast two-hybrid interaction profile of the H. pylori proteome provided
insight that led us to characterize a protein of unknown function, called Hp0100,
based on its observed interactions with the GatA subunit of AdT and ND-AspRS
(100). Here we presented the characterization of Hp0100 and its role in
facilitating transamidosome assembly and function in H. pylori. Our early work
focused on Asp-tRNAAsn specifically because of the yeast-two hybrid results
connecting ND-AspRS to AdT via Hp0100.

4.2 Hp0100 is a component of an H. pylori Asn-transamidosome
We demonstrated that Hp0100 is a component of a new, stable, tRNAindependent Asn-transamidosome complex consisting of ND-AspRS, AdT, and
Hp0100. Transfer RNA-independent assembly of this complex suggests that it
exists in two forms: an “apo-transamidosome” consisting of Hp0100, ND-AspRS,
and AdT and a “holo-transamidosome” that arises upon tRNAAsn binding (see
Figure 2.11). Consequently, Hp0100 simplifies the process of indirect tRNA
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aminoacylation by bringing all enzymatic players into proximity and negates the
need for a kinetic retention mechanism for Asp-tRNAAsn (84). Hp0100 has low
micromolar affinity to both ND-AspRS and AdT in the absence of tRNA (1.3±0.2
and 1.6±0.3 µM, respectively), consistent with the assembly of a stable ternary
complex.

4.3 Hp0100 increases the rate of transamidation for both Asp-tRNAAsn and
Glu-tRNAGln but has minimal impact on ND-AspRS activity
We also evaluated the impact of Hp0100 on AdT and ND-AspRS
activities. In addition to mediating stable complex assembly with the two
enzymes, Hp0100 significantly accelerates the AdT-catalyzed rate of AsptRNAAsn transamidation by ~35 fold (see Figure 2.8). In contrast, the addition of
Hp0100 alone or the ternary complex (AdT, Hp0100 and ND-AspRS) did not
affect the ND-AspRS catalyzed initial rates of tRNAAsn aminoacylation (see
Figures 2.6 and 2.7). At this point, we also examined the impact of Hp0100 on
Glu-tRNAGln transamidation by AdT; the addition of Hp0100 caused an ~3 fold
rate enhancement for this transamidation reaction (see Figure 2.9).
Comparing the kinetics of Asp-tRNAAsn and Glu-tRNAGln transamidation,
AdT alone favors Glu-tRNAGln transamidation by ~38-fold (The kcat values for
Asp-tRNAAsn and Glu-tRNAGln transamidation are 0.07±0.01 min-1 and 2.66±0.03
min-1, respectively).

Consequently, one possible explanation for the smaller

impact of Hp0100 on Glu-tRNAGln transamidation (in comparison with AsptRNAAsn as a substrate) could be that Glu-tRNAGln is already a better substrate
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for AdT in the absence of Hp0100 and therefore does not need further
enhancement. Of course, the stronger effect of Hp0100 on Asp-tRNAAsn
transamidation may more simplify reflect the specific efficiency of the Asntransamidosome complex. We were unable to detect conditions where GluRS2
suggested formation of a Gln-transamidosome or an Asn/Gln bifunctional
transamidosome.

4.4 Hp0100 is an ATPase that contains two putative ATP-binding motifs that
are activated by either Asp-tRNAAsn or Glu-tRNAGln
Conserved domain analysis of the amino acid sequence of Hp0100
revealed the presence of a putative N-terminal ATP-binding motif that shares
structural similarity with the AANH-like ATP-binding motif superfamily (101,112).
We discovered that Hp0100 hydrolyzes the ester bond between the beta and
gamma phosphates of ATP to generate ADP and inorganic phosphate (Pi),
specifically in the presence of Asp-tRNAAsn or Glu-tRNAGln. Asp-tRNAAsndependent ATPase activity is further increased by ~2 fold in the presence of NDAspRS. However, ND-AspRS had little impact on Glu-tRNAGln dependent
ATPase activity; neither did the addition of GluRS2 (see Figure 3.3). Importantly,
the fate of the Pi remains unknown. Efforts to detect phosphorylation of any of
the components of these assays were unsuccessful suggesting that the Pi is
released to the medium.
Mutations in the AANH motif were used to confirm the role of this domain
in Hp0100’s misacylated-tRNA-dependant ATPase activity. Surprisingly, these
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mutations only disrupted the Glu-tRNAGln induced ATPase activity; the AsptRNAAsn dependent activity was decreased by ~50% (see Figure 3.4).
The specificity of the AANH motif for Glu-tRNAGln alone was only puzzling
until we identified a second ATPase motif in Hp0100 that shares similarity with
the P-loop nucleotide binding motif (113). With the introduction of P-loop
mutations, we observed the opposite effect (compared to the AANH mutations):
P-loop mutations disrupted Asp-tRNAAsn dependant ATPase activity, while GlutRNAGln catalyzed ATPase activity was only reduced by ~50% (see Figure 3.4).
These mutagenesis studies support the hypothesis that Hp0100 has two
distinct ATPase active sites, one based on an AANH domain and another
containing a P-loop motif. In this scenario, the AANH motif manifests specificity
for Glu-tRNAGln and the P-loop responds to Asp-tRNAAsn. Furthermore, mutations
in either site caused an ~50% reduction in ATPase activity in the second site
suggesting that the two active sites communicate with each other.

4.5 Mutations in the AANH and P-loop motifs in Hp0100 diminish the
enhancement of AdT’s efficiency of transamidation with both Asp-tRNAAsn
and Glu-tRNAGln
Transamidation assays performed with the D10A mutation in the AANH
domain further demonstrated that ATP hydrolysis drives the efficiency of
transamidation with Glu-tRNAGln, but had only a nominal effect on Asp-tRNAAsn.
This observation further confirms the role of the AANH domain in specifically
promoting Glu-tRNAGln transamidation by AdT. In contrast, the K83A P-loop
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mutant diminished the transamidation rate enhancements for both Asp-tRNAAsn
and Glu-tRNAGln (see Figure 3.5). We hypothesize several possibilities for the
role of the K83A mutation in transamidation. One possibility is that this mutation
may simply disrupt domain-domain communication between the two ATPase
active sites. The second possibility is that K83 may play a more active role in
transamidation of both misacylated tRNAs. It’s also possible that this residue
may modifies the native-fold of the enzyme, making it more rigid and, altering its
total activity.

4.6 Hp0100 contains a putative metal-binding motif that may preferentially
bind to divalent metals
Sequence analyses also suggested that Hp0100 contains a putative metal
binding motif with a CXXC consensus sequence (see Figure 3.6). Initial metal
binding studies are consistent with the hypothesis that Hp0100 contains a metal
binding motif that preferentially binds divalent metal ions (see Figures 3.7 and
3.8).

4.7 Future directions

4.7.1 Hp0100 and the putative Gln-transamidosome
Our work has focused on characterization of the function of Hp0100 in the
indirect biosynthesis of Asn-tRNAAsn and Gln-tRNAGln. Our results highlight the
requirement of Hp0100 for stable assembly of an Asn-transamidosome in H.
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pylori and Hp0100 accelerates AdT transamidation of Asp-tRNAAsn by ~35-fold
(see Figure 2.8). Our initial experiments and published results suggest that the
Gln-transamidosome (AdT, GluRS2 and tRNAGln) is dynamic and unstable (83),
such that the two binary complexes, AdT:GluRS2 and Hp0100:GluRS2, do not
readily assemble in vitro in the absence of tRNA. Yet, Hp0100 accelerates GlutRNAGln transamidation by ~3-fold (see Figure 2.9). Building on these results, we
will proceed to consider the assembly of a Gln-transamidosome consisting of
AdT, Hp0100, GluRS2 and tRNAGln (Figure 4.1). Similar to T. thermophilus, we
imagine that this complex may assemble in a tRNA-dependent manner requiring
tRNAGln to boost the stability of the complex. Our model for Gln-transamidosome
assembly begins with formation of a ternary complex between Hp0100, GluRS2
and tRNAGln. Next, AdT would join to form the Gln-transamidosome. Transfer
RNAGln could be misacylated by GluRS2 at this stage (as shown) or prior to the
incorporation of AdT into the complex. Glu-tRNAGln would be transamidated by
AdT, releasing the final product Gln-tRNAGln. Molecular modeling analyses
demonstrate that GluRS2 and AdT recognize the same phase of tRNAGln (114).
Consequently, both enzymes may not be able to bind tRNAGln simultaneously in
a productive form. In this case, we could imagine that Hp0100 may load GlutRNAGln onto AdT either displacing GluRS2 or by pulling out Asn-tRNAAsn to load
Glu-tRNAGln. Possible formation of a Gln-transamidosome with Hp0100 has yet
to be characterized.
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transamidosome
Figure 4.1: A possible catalytic cycle for an H. pylori Gln-transamidosome
with Hp0100. The cycle consists of five steps as follows: 1) GluRS2, Hp0100,
and tRNAGln assemble into a ternary complex; 2) AdT joins to form the GlnGln
transamidosome; 3) GluRS2 catalyzes the glutamylation of tRNAGln to produce
Glu-tRNAGln; 4) Glu-tRNA
tRNAGln is converted to Gln-tRNAGln by AdT with ~3-fold
~3
acceleration in kcat; 5) The final product, Gln
Gln-tRNAGln, is released from the
complex and the Gln-transamidosome
transamidosome is regenerated.
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4.7.2 Dual functionality of AdT may require Hp0100 and/or other protein
players
The scenario proposed in Figure 4.1 still does not account for how AdT
manages transamidation of both aa-tRNAs simultaneously. Does a much more
complicated Asn/Gln transamidosome form? One could envision that Hp0100
functions as a ratchet or delivery protein, transferring Asp-tRNAAsn and GlutRNAGln, one at a time, to the active site of AdT within the transamidosome. This
mechanism would allow AdT to simultaneously produce both Gln-tRNAGln and
Asn-tRNAAsn, negating the requirement for a separate Gln-transamidosome.
However, the mechanism through which Glu-tRNAGln is loaded onto Hp0100
remains a mystery.
Another interesting possibility is to consider other proteins of unknown
function. For example, the protein Hp1259 was also discovered from data-mining
of H. pylori Y2H interactions (100). Hp1259 showed interactions with GluRS2 and
AdT, albeit weak ones. Perhaps Hp1259 facilitates Gln-transamidosome
assembly and/or plays a role in shuttling Glu-tRNAGln between Hp0100 and AdT.

4.7.3 Does Hp0100 contain separate binding sites for Glu-tRNAGln and AsptRNAAsn?
To gain more insight into how Hp0100 loads two misacylated-tRNAs onto
AdT, competition transamidation assays could be performed with AdT in the
presence and absence of WT Hp0100. The rate of transamidation could be
monitored over time with constant, radio-labeled Asp-tRNAAsn in the presence of
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increasing concentrations of Glu-tRNAGln and vise versa. These experiments will
help us elucidate further whether Hp0100 truly contains separate binding sites for
the two aa-tRNAs, or if the two tRNAs compete for all of a single active site, or
require overlapping active sites.

4.7.4 Does Hp0100 require a functional ND-AspRS to accelerate its AsptRNAAsn-dependent ATPase activity?
It would also be useful to further examine the impact of ND-AspRS on
Hp0100’s ATPase activity using an ND-AspRS mutant deficient in tRNAAsn
aminoacylation in order to determine whether a functional ND-AspRS is required
to accelerate Hp0100’s Asp-tRNAAsn-dependent ATPase activity.

4.7.5 Potential role/s of the putative metal-binding site in Hp0100
We used two different purification methods to purify Hp0100, Ni-affinity
and cation-exchange (MonoS) chromatography. All the experiments used to
examine the ATPase activity of Hp0100 were conducted with Ni-affinity purified
Hp0100. Surprisingly, when we used the MonoS-purified Hp0100 for ATPase
assays, we observed robust ATP hydrolysis even in the absence of either
misacylated tRNA. In other words, the impact of these misacylated tRNAs in
enhancing Hp0100’s ATPase activity was eliminated.

This unexpected

observation led us to consider the possibility that Hp0100 binds to a metal ion
that is required for the tRNA-dependent ATPase activity. In this scenario, Ni2+affinity chromatography allowed metal binding to be retained while MonoS
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purification did not. Our discovery of the putative metal-binding site in Hp0100
(CXXC motif) led us to examine the possibility that metal binding plays a role in
Hp0100’s functions. According to our Hp0100 structural model, the putative
metal-binding site is located proximal to the P-loop (see Figure 3.6). Our
transamidation assay results for the P-loop mutant K83A hint that this mutation
disrupted inter-domain communication. Given the fact that K83 is only four
residues away from the putative metal-binding motif, we can speculate that the
P-loop and the metal site may play a regulatory role by crosstalking to each
other; such a scenario could also explain the greater impact of the K83 mutant on
the AANH domain’s ATPase activity.
First, we need to confirm that the N-terminal six-histidine tag appended
onto Hp0100 is not causing the apparent metal binding phenotypes (see Figure
3.7). It is unlikely that this Ni2+/Co2+-binding motif can explain the observed
binding to Fe2+, Zn2+ and Mn2+, but it is an important control. Then,
electroparamagnetic resonance (EPR) could be used to identify the metal ion
that co-purifies with Hp0100. In addition, EPR could be used to probe binding of
other divalent metals to Hp0100. Site directed mutagenesis could be performed,
mutating the conserved Cys residues in the putative metal binding domain to
examine the role of these residues in metal binding and other regulatory
functions. It would be particularly illuminating to identify a mutation that disrupts
metal binding and eliminates the dependence of Hp0100’s activity on
misacylated tRNAs, mimicking MonoS-purified activity. Such a discovery would
strongly support the role of divalent metals in regulating Hp0100’s function.
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Our discovery of the functions of Hp0100 distinguishes this protein from
other known ATPases or and from other proteins that work with aaRSs. Hp0100
appears be the first ATPase discovered to contain two asymmetric ATP binding
motifs, the AANH and P-loop domains, that are activated by the two misacylated
tRNAs, Glu-tRNAGln and Asp-tRNAAsn, respectively. It will be interesting to
examine how the ATPase activities of these two motifs are regulated and
contribute to AdT activity. Given the fact that full-length Hp0100 is only found in
the ε-bacteria, our discoveries will help to expand our understanding of indirect
tRNA aminoacylation pathways in bacteria that lack both AsnRS and GlnRS.
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APPENDIX A
POTENTIAL ROLE OF THE GATC PROTEIN IN EXPRESSION OF THE GATA
SUBUNIT OF ADT

A.1 Introduction
The proposed role of the GatC subunit of AdT is to function as a belt
stabilizing the GatCAB complex. GatC does not appear to be involved in
catalysis (57). In Bacillus subtilis, the genes encoding the 3 AdT subunits are
organized in a gatCAB operon. Expression of B. subtilis GatA requires at least a
gatCA operon (17). GatB does not require a gatCB or gatCAB operon and can be
expressed alone (17). These results suggest that the gatCA operon or the GatC
protein is required for the expression or proper folding of GatA or to prevent
degradation of GatA in cells. In H. pylori, gatC, gatA, and gatB are not in an
operon. Yet, the expression of H. pylori GatA in E. coli still requires a gatCA
operon (Skouloubris, S., unpublished results).
RT-PCR of E. coli cells containing a plasmid with the H. pylori gatCAB
genes organized in an operon revealed the presence of gatC and gatB mRNA,
but not of gatA (Skouloubris, S., unpublished results). Since all three genes
would be transcribed in a single piece of mRNA and gatC and gatB are
transcribed, then gatA must have been present but was undetected by RT-PCR.
This observation leads to a hypothesis that the gatA mRNA has a structure that
inhibits RT-PCR. This structured mRNA might be stable enough to block
translation of the GatA subunit in vivo under specific conditions, perhaps as a
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means to regulate AdT function or to limit excess glutamine hydrolysis by GatA.
Our working hypothesis is that when excess levels of GatC become available,
GatC bind the gatA mRNA to change its shape in such a way that translation of
gatA mRNA is initiated and GatA is expressed.

A.2 Results

A.2.1 Re-evaluation of RT-PCR results of gatCAB mRNA
To re-evaluate the gatCAB mRNA RT-PCR results (Skouloubris, S.,
unpublished data), RT-PCR reactions were carried out using gatCAB mRNA as
the template and primers specific for gatC, gatA and gatB. An ethidium bromide
stained agarose gel showing the RT-PCR results is shown in Figure A.1. These
results were different than those previously obtained and revealed equal
intensities for gatA, gatB and gatC mRNA. These results suggest that the gatA
mRNA is not overly structured, at least to a level that would disrupt transcription.
To further investigate whether the gatA mRNA is structured, quantitative PCR
and RNA secondary structure prediction tools (e. g. mfold, RNAstructure) will be
useful.
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Figure A.1:: Reevaluation of GatCAB mRNA by RT-PCR. Lanes 1 and 8,
Molecular weight markers; lane 2, gatA mRNA; lane 3, gatA control; lane 4, gatB
mRNA; lane 5, gatB control; lane 6, gatC mRNA; lane 7, gatC control. Controls
(lane 3, 5 and 7) contained all the reaction components except gatCAB mRNA
template.

A.2.2 Requirement of gatCA operon for the expression of H. pylori GatA in
E. coli
GatC could also be required ffor the translation or folding of GatA. To test
this hypothesis, expression levels of GatA were examined under three different
conditions: 1) expression of GatA alone, 2) expression of GatA and GatC from
two compatible plasmids, and 3) expression of GatA and GatC from a gatCA
operon. Different strains were set up accordingly and protein expression was
induced 5 hours by induction with IPTG (1 mM) when each culture had reached
an OD600=0.5. Aliquots (1 mL) were taken from each growth and the cells were
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pelleted by centrifugation and analyzed by SDS-PAGE gel and Western blot
(Figure A.2). This blot clearly shows a difference in expression levels of GatA in
each system. Expression of GatA from the gatCA operon is the most robust
(Figure A.2C), consistent with previous reports. The most interesting observation
here is that, while the expression of GatA from gatA alone is very low (Figure
A.2A), when GatA is co-expressed with GatC from two different plasmids (in the
absence of an operon, Figure A.2B), GatA over expression is elevated. This
experiment clearly suggests that the GatC protein is required for the expression
of GatA in E. coli and suggests that the operon is not the motif that facilitates
GatA expression. The reason for the further increase in expression of GatA from
a gatCA operon might be due to high local concentration of GatC expressed from
the adjacent gene, so that GatC can immediately act on gatA mRNA or the
nascent GatA protein to optimize GatA expression. To test this hypothesis, future
experiments will be carried out to test whether GatA mRNA is structured (e. g.
quantitative PCR) and to determine if GatC binds to gatA mRNA (e.g. RNA
electrophoretic mobility shift assay or RNase R protection assay (footprinting).To
further characterize the expression of GatA, silent mutations can also be
introduced into the gatA mRNA to optimize the expression of GatA in the
absence of GatC.
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xpression of GatA (~50 kD) in the presence and absence of
Figure A.2: Expression
gatCA in E. coli. A. Expression of GatA alone. B. Co
Co-expression
expression of GatA with
GatC from two different compatible plasmids. C. Co-expression
xpression of GatA with
GatC from a gatCA operon. Molecular weight markers (in kD) are indicated at the
left.

A.3 Materials and methods

A.3.1 RT-PCR of gatCAB mRNA
The H. pylori gatCAB operon was cloned into pET-28a
28a (pSS015,
Skouloubris, S.) to produce gatCAB polycistronic mRNA in vivo.. The gatCAB
mRNA was isolated from E. coli using Nucleobond affinity chromatography as
per the manufacturer’s instructions (Clontech). Three separate RT-PCR
PCR reactions
were carried out in 18 µL reaction
reactions using superscript VILO reverse transcriptase
(2.5 units), gatCAB mRNA template (100 ng), dNTPs (2.5 µg),, forward primers
specific for gatC, gatA, gatB (50 ng) and the manufacturer’s recommend buffer.
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The RT-PCR cycle was set up as follows; (1) primer annealing at 25 °C, 10 min
(2) elongation at 50 °C, 60 min and (3) reaction te rmination at 94 °C, 5 min. Next,
the resultant cDNAs were amplified by adding Taq polymerase (2.5 units) and
reverse primers specific for gatC, gatA, gatB (50 ng). PCR amplification was
performed as follows; (1) denaturation at 94 °C, 1 5 sec (2) primer annealing at
50 °C, 30 sec (3) elongation at 72 °C, 90 sec, for 40 cycles followed by a final
extension at 72 °C for 5 min.

A.3.2 Cloning of GatC into the pJLM016 expression vector to produce Nterminal His6 tag GatC (pGS003)
H. pylori gatC was obtained from pJLM010 by restriction digestion with
BamHI and HindIII and cloned into pJLM016 (built from pCDF1-b with a frame
shift insertion) to generate pGS001. This plasmid was further modified by
removing a stretch of upstream nucleotides to match the gatC sequence in
pPTC032 (gatCA cloned in to pCDF1-b), to produce an N-terminal 6-his tagged
construct (pGS003).

A.3.3 Plasmid construction to append a C-terminal V5 tag onto GatA
(pGS007, pGS008)
To test the expression of H. pylori GatA in E. coli, a V5 tag was cloned
onto the C-terminus of gatA in pGS005 (gatA in pET28-a) and pGS006 (gatCA
operon in pCDF1-b) using V5 drop-in primers. The new plasmid constructs were
named pGS007 and pGS008, respectively. Since the α-V5 western blot is highly
sensitive and specific, this approach enables the visualization of the expression
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profile of GatA through Western blotting. Besides cloning, a few site directed
mutagenic changes were also carried out to achieve required modifications in the
plasmid constructs (Table A.1).

Table

A.1:

Modifications

in

plasmid

constructs

by

site

directed

mutagenesis (site of mutagenesis is indicated by red letters)

Mutation
BamHI to KpnI in
pGS001

gatA stop codon to
Ser in pPTC032

gatA stop codon to
Ser in pSS011

SacI to EcoRI In
pGS004

Primer

Primer Sequence

GSF3

GGGTACCGGTTCGACCGGTACCATGCAAATTGATG

GSR3

CATCAATTTGCATGGTACCGGTCGAACCGGTACCC

GSF5

GCAAGAATTAGATTTAAAATTAGATTCAGAATTCGAGCTCCGTCGACAAGC

GSR5

GCTTGTCGACGGAGCTCGAATTCTGAATCTAATTTTAAATCTAATTCTTGC

GSF7

GAATTAGATTTAAAATTAGATTCAGAGCTCGTGTACACGGCGCGCC

GSR7

GGCGCGCCGTGTACACGAGCTCTGAATCTAATTTTAAATCTAATTC

GSF9

GAGATTTAAAATTAGATTCAGAATTCGTGTACACGGCGCGCCTGC

GSR9

GCAGGCGCGCCGTGTACACGAATTCTGAATCTAATTTTAAATCTC

Plasmid

pGS002

pGS004

pGS005

pGS006
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APPENDIX B
SITE DIRECTED MUTAGENESIS IN GATA AND GATB TO CHARACTERIZE
THE PUTATIVE AMMONIA TUNNEL IN ADT (62)

B.1 Introduction
The main goal of this project was to characterize the precise mechanism
of ammonia transport in H. pylori AdT. To probe the essential residues involved
in the ammonia transport chain in H. pylori GatCAB, site directed mutagenesis of
conserved tunnel residues to alanine (alanine scanning) and to their closely
related amino acids (conservative mutagenesis) were made. Resulting mutants
were assayed by Dr. Liangjun Zhao to probe the participation of these residues in
transportation of ammonia to GatB, by monitoring the glutaminase, kinase and
transamidation activities of AdT mutants.

B.2 Results
My role in this project was to design and construct different mutations in
AdT’s putative tunnel and to optimize the purification of a few of the mutant
constructs (Y82A, Y82F, Q92A and Q92E in GatB subunit). Each mutant enzyme
was purified to homogeneity by HisPurTM Cobalt resin as per the manufacturer’s
instruction (Pierce (Rockford, IL) (62). The impact of the tunnel mutations on
AdTs kinase activity was characterized and published in Biochemistry, 2012, 51,
273 (62).
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B.3 Materials and methods

B.3.1 Site directed mutagenesis of conserved ammonia tunnel residues in
H. pylori AdT
To probe the participation of tunnel residues in the delivery of ammonia to
the GatB active site, 13 conserved tunnel residues were mutated to alanine and
their closely related amino acid. I mutated the four residues in the GatB tunnel
listed in Table B.1. Quikchange primers were designed for each mutation and
PCR was carried out with Pfu polymerase (Stratagene, 2.5 U/µL), dNTPs (150
µM), template DNA (pSS003) and the manufacturer’s recommended buffer. Each
PCR cycle was set at 95 °C for 1 minute, the primer annealing temperature for 1
minute, and at the extension temperature (72 °C) fo r 10 minutes; 30 cycles were
conducted in total.
Table B.1: Site directed mutagenesis of conserved tunnel residues in GatB
(site of mutagenesis is indicated by red letters)

Mutation

Primer

Primer Sequence

Y82A-F

CTATTTTTGCGAGGAAAAATGCTTTTTACCCTGATTTGCCTAAGGC

Y82A-R

GCCTTAGGCAAATCAGGGTAAAAAGCATTTTTCCTCGCAAAAATAG

Y82F-F

CTATTTTTGCGAGGAAAAATTTTTTTTACCCTGATTTGCCTAAGGC

Y82F-R

GCCTTAGGCAAATCAGGGTAAAAAAAATTTTTCCTCGCAAAAATAG

Q92A-F

CCCTGATTTGCCTAAGGCTTATGCAATTTCGCAGTTTGAAGTCCC

Q92A-R

GGGACTTCAAACTGCGAAATTGCATAAGCCTTAGGCAAATCAGGG

Q92E-F

GATTTGCCTAAGGCTTATGAAATTTCGCAGTTTGAAGTCCC

Q92E-R

GGGACTTCAAACTGCGAAATTTCATAAGCCTTAGGCAAATC

Y82A

Plasmid

pGS009

Y82F

pGS010

Q92A

pGS011

Q92E

pGS012
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APPENDIX C
DEVELOPMENT OF REVERSE-PHASE HPLC ASSAY TO CHARACTERIZE
THE KINASE ACTIVITY OF ADT

C.1 Introduction
The detection of the conversion of ATP to ADP by reverse-phase HPLC
offers a sensitive means of studying the kinase activity of AdT and to obtain
kinetic parameters for wild type and mutant enzymes. The results could
eventually help to probe the critical tunnel residues in the delivery of ammonia
from GatA to GatB. ATP and its breakdown product ADP absorb light at 254 nm,
which enables their quantification.

C.2 Results
Enzymological studies of H. pylori GatCAB reported so far have mainly
focused on the two enzymatic activities of GatCAB; transamidase and
glutaminase. These studies suggested that the binding of ATP and GlutRNAGln to the GatB active site

enhances the glutaminase activity of GatA

(32,126).
To probe the essential residues involved in the ammonia transport in H.
pylori AdT, site directed mutagenesis of conserved tunnel residues was carried
out (Appendix B). Here, our goal is to assay these mutants by utilizing a very
sensitive and accurate reverse phase HPLC assay to probe the kinase activity of
wild type and mutant AdT complexes.
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Initial experiments conducted with the HPLC assay showed that GatCAB
is capable of hydrolyzing ATP faster in the absence of Gln (Figure C.1). When
Gln is present, the kinase activity likely would be coupled to the enzyme’s
glutaminase and transamidase activities, so the observable kinase activity may
be impacted by upstream or downstream events.
The drawback of this HPLC assay is its low sensitivity due to the overlap
of AMP and ADP peaks. (Generation of Glu-tRNAGln by GluRS2 aminoacylation
involves conversion of ATP to AMP that is carried over to the kinase assay). For
this reason, our HPLC assay became less sensitive for detection of ADP
generated during catalysis. As an alternative approach, a sensitive UV based
coupled enzyme assay was developed (62) to monitor the kinase activity of wild
type and mutant AdT.
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Figure C.1: ATP/ADP standards and quantitative analysis of wild type H.
pylori GatCAB kinase activity by HPLC. A. HPLC chromatogram showing ATP
and ADP separation. B. Standard curve for ATP. Peak area obtained for each
ATP standard was plotted against pmols of ATP injected onto
to the column. C.
Standard curve for ADP. Peak area obtained for each ADP standard was plotted
against pmols of ADP injected onto the column. D. Quantitative
antitative HPLC assay for
kinase activity of wild type AdT.. Red: reaction was performed in the absence of
Gln (100 µM). Blue: reaction was performed in the presence of all the reaction
components including Gln.

129

C.3 Materials and methods

C.3.1 Reverse-phase HPLC assay
ATP, the substrate for the kinase activity of AdT, as well as the product
ADP, absorbs light at 254 nm. After initial attempts to separate ATP from ADP by
RP-HPLC (Beckmann) using several mobile phases, sufficient resolution was
obtained with a C3 column (Agilent) using an isocratic system of 30 mM KH2PO4
(pH 6) with a flow rate of 0.5 mL/min (Figure C.1A). Standard curves for ATP and
ADP were generated (Figure C.1B, C) and showed good linear relationships over
a concentration range of 0-800 µM. The kinase activity of wild type GatCAB was
measured in reaction mixtures containing 25 mM KCl, 15 mM MgCl2, 50 mM
Hepes (pH 7.0), 100 µM Gln, 1mM ATP, and 15 µM Glu-tRNAGln, mixed with 100
nM wild type H. pylori GatCAB. Reaction mixtures were incubated at 37 °C, and
aliquots were periodically quenched by mixing with 3 volumes of cold ethanol.
After 15 min on ice, each pellet was recovered by centrifugation and dried
completely. Each pellet was dissolved in 400 µL HPLC running buffer (KH2PO4,
pH 6) and 50 µL was injected onto a C-3 analytical column (Agilent). The ADP
peak area in each HPLC chromatogram was converted to concentration (µM)
and plotted against time (min) (C.1D, Blue). Two controls were also performed
for comparison: a no enzyme control (not shown) and a no Gln control (C.1D,
Red).
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APPENDIX D
H. PYLORI HP1259: CLONING, EXPRESSION AND PRELIMINARY
CHARACTERIZATION

D.1 Introduction
H. pylori GluRS2 does not form a stable Gln-transamidosome with AdT
and tRNAGln (83) and does not appear to interact with Hp0100 (Chapter 2). In
this project we investigated an alternative mechanism for the delivery of GlutRNAGln from GluRS2 to AdT that may allow AdT to achieve its dual substrate
specificity for both Asp-tRNAAsn and Glu-tRNAGln.
Based on yeast-two hybrid data, we identified Hp1259, a 205 amino acid
protein of unknown function in H. pylori that shows a weak D-level interaction
with both GluRS2 and AdT (A and B level interactions are stronger than C or D
level interactions) (100). Hp1259 was initially considered a poor candidate as a
participant in indirect biosynthesis of Gln-tRNAGln due to the observed weak Y2H
interactions. In addition, Hp1259 contains a motif that shows similarity to the
sirtuin proteins (NAD+-dependent histone deacetylases) (101). The potential role
of this domain in indirect aminoacylation is difficult to envision. However, weak
Y2H interactions could be misleading due to the absence of H. pylori tRNA. We
conducted preliminary experiments to characterize the role of Hp1259. Our initial
approach was to look for formation of a stable Gln-transamidosome in H. pylori,
consisting of GluRS2, tRNAGln, Hp1259 and AdT.
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D.2 Results

D.2.1 E. coli GluRS is co-purified with His6-Hp1259 and the tRNA specificity
of GluRS appears to be modulated by Hp1259
The hp1259 gene was cloned and overexpressed in E. coli with an Nterminal His6 tag. The protein was purified by cobalt-affinity purification (as per
the manufacturer’s instructions). Hp1259 co-eluted with a protein that was
approximately the same size as E. coli D-GluRS (53 kD, Figure D.1A).The αHis6 Western blot confirmed that the co-purified protein is not an oligomer of
Hp1259 (Figure D.1B). Using this mixture of proteins, aminoacylation assays
were performed with tRNAGlu1/2 and tRNAGln with glutamate to confirm that the
co-purified contaminant is E. coli D-GluRS. Surprisingly, robust misacylation of
tRNAGln (with glutamate) was observed (Figure D.1D) even though E. coli GluRS
does not typically misacylate tRNAGln (127). We only observed modest
aminoacylation rates for tRNAGlu1/2 with the protein mixture (Figure D.1C).
Aminoacylation assays were repeated by replacing glutamate with glutamine. We
did not observe any aminoacylation activity (data not shown). These experiments
were repeated with several batches of Hp1259 to validate our unexpected
results. Overall, our results suggest that Hp1259 may modulate the tRNA
specificity of E. coli D-GluRS, converting it into a GluRS2-like enzyme. We will
verify that the contaminant protein is E. coli D-GluRS by N-terminal sequencing.
These preliminary results suggest that Hp1259 plays a role in misacylation
of tRNAGln, probably by enhancing the efficiency of misacylation. They highlight
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the importance of a detailed characterization of Hp1259, to investigate its role in
the indirect biosynthesis of Gln
Gln-tRNAGln.

Figure D.1: Hp1259 co--purified with a protein that is approximately the
same size as E. coli D--GluRS. A. SDS-PAGE gel showing the contaminant
protein (~56 kD) (lane 2, top band), which was co
co-purified with Hp1259 by cobaltaffinity purification. The darker band is Hp1259 (~30 kD). B. The α- His6 Western
blot for Hp1259. C. Aminoacylation assay
assays performed with the mixture of Hp1259
and the unknown co-purifying
purifying protein and tRNAGlu1 and tRNAGlu2. D.
Aminoacylation assay
ssay of the same amount of the protein mixture with tRNAGln.
The control assay was performed wi
with
th all the components except tRNA.

133

D.2.2 Hp1259, GluRS2,, and tRNAGln do not appear to assemble into a
ternary complex
Complex assembly between Hp1259 and GluRS2 in the presence and
absence of tRNAGln was analyzed by native gel electrophoresis (Figure D.2). Our
preliminary results indicate that Hp1259 does not appear to form a complex with
GluRS2 even in the presence of tRNAGln (Figure D.2, lanes 4 and 5).. In the future
we will look at complex assembly between Hp1259 and the protein factors
involve in Gln-tRNAGln biosynthesis (e. g. AdT and Hp0100).. We will also
investigate the impact of Hp1259 on GluRS2 activity and AdT function.

Figure D.2: Hp1259, GluRS2
GluRS2, and tRNAGln do not form a ternary complex.
complex
The formation of different complexes was evaluated by native gel electrophoresis
and an anti-His6 Western
estern blot ((Hp1259 and GluRS2 are modified with His6 tags).
Hp1259 (20 µM), GluRS2 (10 µM) and tRNAGln (20 µM) were combined and
incubated at 4 °C
C for 30 min prior to sample loading (40 µL samples). Lane 1,
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molecular weight marker. Lane 2, GluRS2 (10 µM). Lane 3, GluRS2 (10 µM) and
tRNAGln (20 µM). Lane 4, GluRS2 (10 µM) and Hp1259 (20 µM). Lane 5, GluRS2
(10 µM), Hp1259 (20 µM) and tRNAGln (20 µM). Lane 6, Hp1259 (20 µM). Lane 7,
Hp1259 (20 µM) and tRNAGln (20 µM). His6-Hp1259 did not react with anti-His6
antibodies under native conditions.

D.3 Materials and methods

D.3.1 Cloning Hp1259 in to pQE-80L to produce N-terminal His6 tagged
protein (pGS016)
The hp1259 gene was PCR amplified from H. pylori genomic DNA (ATCC
strain 26695) using gene specific primers and cloned into the Topo pCR 2.1
vector (Invitrogen) (pGS014). pGS014 was digested with XmaI and PstI to obtain
the hp1259 insert, which was successfully cloned into pQE-80L to produce an Nterminal His6 tagged Hp1259 (pGS016).

D.3.2 Overexpression and purification of H. pylori Hp1259
Hp1259 was overexpressed in E. coli DH5α for 4 hours and purified using
cobalt resin in polypropylene columns as per the manufacturer’s instructions
(Thermoscientific).
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APPENDIX E
IMPACT OF K120A MUTATION ON MISACYLATED-TRNA
ACTIVATION OF HP0100’S ATPASE ACTIVITY

Figure E.1: K120A mutation in the AANH motif did not significantly impact
the misacylated-tRNA activation of Hp0100’s ATPase activity.
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ABSTRACT
ASSEMBLY AND FUNCTION OF MACROMOLECULAR COMPLEXES FOR
ACCURATE TRNA AMINOACYLATION IN HELICOBACTER PYLORI
by
GAYATHRI SILVA
May 2014
Advisor: Dr. Tamara L. Hendrickson
Major: Chemistry (Biochemistry)
Degree: Doctor of Philosophy
The aminoacylation of tRNA is a critical step in maintaining the accuracy
of the genetic code. Many microorganisms are missing one or more aminoacyl
tRNA synthetases (aaRSs) and rely on indirect pathways to produce certain aatRNAs. In Helicobacter pylori (H. pylori), the genes encoding both asparaginyl
tRNA synthetase (AsnRS) and glutaminyl-tRNA synthetase (GlnRS) are missing
and the organism consequently relies on the indirect pathway for the synthesis of
Asn-tRNAAsn and Gln-tRNAGln. The first step of indirect synthesis of Asn-tRNAAsn
involves misacylation of tRNAAsn by non-discriminating aspartyl tRNA synthetase
(ND-AspRS) to produce Asp-tRNAAsn. Next, the misacylated tRNA is converted to
Asn-tRNAAsn by Asp-tRNAAsn/Glu-tRNAGln amidotransferase (Asp/Glu-AdT) to
produce Asn-tRNAAsn. Gln-tRNAGln is produced vial an analogous process,
relying on a misacylating glutamyl-tRNA synthetase, GluRS2 and AdT.
Including H. pylori, organisms that indirectly synthesize Asn-tRNAAsn and
Gln-tRNAGln require a mechanism for the efficient delivery of both misacylated
tRNAs from the two misacylating enzymes to the amidotransferase enzyme. This
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delivery mechanism should ensure the stability of the aminoacyl ester bond and
prevent translational errors. Some bacteria, like Thermus thermophilus (T.
thermophilus), utilize a tRNA-dependent ribonucleoprotein complex (RNC) called
the transamidosome. The T. thermophilus transamidosome contains AdT,
tRNAAsn, and an archaeal ND-AspRS. This Asn-transamidosome traps
misacylated Asp-tRNAAsn until it has been converted to Asn-tRNAAsn by AdT.
Similarly, the thermophilic archaeon Methanothermobacter thermoautotrophicus
utilizes a Gln-transamidosome for the synthesis of Gln-tRNAGln. This complex
consists of ND-GluRS, tRNAGln and GatDE. (GatDE is a heterodimeric homolog
of AdT.)
In contrast to T. thermophilus, H. pylori utilizes a bacterial ND-AspRS that
has an extra domain that could sterically prevent transamidosome assembly. H.
pylori also requires AdT for conversion of both Asp-tRNAAsn and Glu-tRNAGln into
their cognate aa-tRNAs. In fact the H. pylori Asn- and Gln-transamidosomes
were not stably isolated in vitro, suggesting a requirement for an alternative
mechanism.
We describe the first characterization of a novel protein called Hp0100 in
H. pylori, Hp0100 is required for the assembly of a stable, tRNA-independent
Asn-transamidosome, consisting of ND-AspRS, AdT and Hp0100. Hp0100
enhances the capacity of AdT to convert Asp-tRNAAsn into Asn-tRNAAsn and GlutRNAGln into Gln-tRNAGln but has minimal effect on ND-AspRS function. We
discovered that Hp0100 is an ATPase which contains two distinct ATPase active
sites that are activated by either of the two misacylated tRNAs, Glu-tRNAGln or
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Asp-tRNAAsn. The first ATP-binding motif shares sequence similarity to adenine
nucleotide alpha hydrolase-like (AANH-like) ATP-binding motif superfamily.
Surprisingly, mutations in this domain only disrupted the Glu-tRNAGln-induced
ATPase activity; the Asp-tRNAAsn activity was less affected (~50% decrease).
The second motif shares sequence homology to the P-loop ATP-binding motif. In
contrast to AANH, P-loop mutations disrupted Asp-tRNAAsn-induced ATPase
activity but Glu-tRNAGln catalyzed ATPase activity was only partially reduced
(~50% decrease). These results revealed that there are probably two mutually
exclusive ATPase motifs in Hp0100 that are separately activated by Asp-tRNAAsn
and Glu-tRNAGln. In addition, our mutagenesis studies also revealed the
requirement of each ATPase motif for the corresponding acceleration in the rate
of AdT transamidation of either Asp-tRNAAsn or Glu-tRNAGln. Overall, our results
highlight the importance of the novel ATPase Hp0100, for the indirect
biosynthesis of Asn-tRNAAsn and Gln-tRNAGln in H. pylori.
H. pylori is an obligate human pathogen responsible for causing stomach
ulcers and cancer. Its clade (the ε-proteobacteria) includes several human
enteric pathogens like Campylobacter jejuni (C. jejuni) that cause other
deleterious health problems in humans. Here we describe a unique mechanism
used by this clade to ensure accuracy during indirect tRNA aminoacylation.
Elucidation of the mechanisms used by other organisms holds potential for the
development of a greater understanding of bacterial phylogenetics, speciation,
and the identification of novel, clade-specific targets for new antibiotics.
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